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WHAT IS 
ASTRONOMY? 


THE NIGHT SKY has always inspired mystery and wonder. 
Astronomy aims to make sense of the Universe, confronting some 
of our most fundamental questions, such as how did everything 
begin and is there life beyond Earth? It can explain some of the 
mysteries but a sense of wonder remains. If anything, modern 
science reveals a cosmos that is more vast, strange, and complex 
than might have seemed possible to people even a few centuries 
ago. For example, to the unaided eye, stars seem like nothing more 
than points of light. But, with the aid of telescopes and other 
instruments, we can see that each of these points is a star like our 
own Sun. We know that a star is a ball of incredibly hot gas that 
emits energy as a result of nuclear fusion reactions. We have also 
discovered that stars have complex, often spectacular life histories 
and that many of them are orbited by systems of planets. From a 
distance, some of these planets even look similar to Earth. 

Over the course of its history, astronomy has been propelled 
forwards by a combination of technological progress and advances 
in scientific understanding. The last few decades have seen rapid 
change in both areas. We can now see far out into space (and 
hence far back in time) by sending telescopes into orbit. We can 
dispatch robots to explore the surfaces of other planets. But, 
despite all our achievements, many questions remain. We still 
cannot describe the Universe’s size or shape, and more than 
95 per cent of its substance is invisible to us. The Universe has 
not yet given up all its secrets. 
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The Universe is all matter, energy, space, and time. Its size 
alone can make it seem incomprehensibly vast and baffling. 
But even the Universe's largest structures are made of the 
same chemical elements that are around us on Earth - and 
indeed in our own bodies - and all atoms and subatomic 
particles are subject to the same fundamental forces. 

These particles and forces can be traced to the Universe’s 
early history. The story of the Universe started with the 

Big Bang, when everything expanded from an unimaginably 
hot and infinitely small, dense point. Ever since, it has been 
cooling, expanding, and evolving as its original materials 
have been scattered and recycled across space and time. 
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Distance in space 

To fit the Universe into this 
graphic, each step on the scale 
represents a distance 100 times 
greater than the previous step. 
Many of the distances are in 
light-years. A light-year is the 
distance travelled by light ina 
year, or about 9.5 trillion km 
(5.9 trillion miles). 


VENUS 
At least 42 million km 
(26 million miles) 


THE MOON 
384,000 km 
(239,000 miles) 
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PROXIMA CENTAURI 
Nearest star, 4.2 light-years 


OUTER EDGE OF 
THE OORT CLOUD 
About 1 light-year, 
9.5 trillion km 

(5.9 trillion miles) 


OUTER EDGE OF 
THE KUIPER BELT 
10 billion km 

(6.2 billion miles) 


THE SUN 
150 million km 
(93 million miles) 
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ANDROMEDA GALAXY 
2.5 million light-years 


VIRGO CLUSTER 
Ce)» 60 million light-years 


Structures in space 
Celestial objects sit within a 


hierarchy of structures bound 
by gravity. For example, the 
planets and smaller bodies in 
the Solar System are all held 
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MAKING SENSE 
OF SPACE 


The Universe is everything that exists. We 
do not know how big it is, partly because we 
cannot see it all but even the part we can see is 
vast. Light from its edge, moving at 299,792 km 
(186,282 miles) per second, has taken 13.8 billion 
years to reach us. The Universe also includes a 
huge amount of matter. The Sun is one of up 
to 400 billion stars in our galaxy — and there 
could be 100 billion galaxies in the Universe. 
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in orbit around the Sun by 
gravity. The Solar System, in 
turn, is part of the Milky Way. 
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Most distant galaxy observed 
13.4 billion light-years 
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The Solar System 
The Solar System is the 
part of space influenced 
by the Sun’s gravity. The 
objects orbiting the Sun 

include rocky planets and 

larger giant planets, their 
moons, and countless 
asteroids and comets. 


Gas and dust 
Over 90 per cent of all the 
Universe’s ordinary matter 
is in the form of low-density 
gas between the stars and 
galaxies, most of it 

hydrogen. In galaxies, stars 

form in denser clouds of 


gas and dust. 


STAR-FORMING NEBULA 


GIANT PLANET 


ROCKY PLANET 


INTERSTELLAR MEDIUM 
(GAS AND DUST) 


Stars 

A star is a massive, hot ball 
of gas that emits radiation 
as a result of nuclear fusion 
taking place in its core. The 
Sun is an average star, but 

the Universe is also home 

to much smaller dwarf 

stars and larger giant stars. 


GIANT STAR 


SUNLIKE STAR 
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DWARF STAR 


© CELESTIAL BODIES 


MOON : * 
The Universe consists of energy, space, and 
matter. Matter is anything that has mass — that 
BR is, anything affected by gravity. Most of the 
© matter drifts through space as gas. But some of it 
Pateneln clumps together to form objects such as stars and 
planets. Not all of the Universe’s matter is of the 
» ordinary kind that we can see. In fact, most of it 
is invisible to us. Astronomers call this dark 
COMET 
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matter (see p.30). 


Star remnants Galaxies Groupings of galaxies 


Stars do not shine forever. A galaxy is a large Most galaxies are part of 
On using up their fuel, they collection of stars (some groups (or clusters) held 
leave behind an array of orbited by planets), gas, together by gravity. In 
remnant objects. These and dust. Galaxies come turn, clusters are part of 
include some of the most in various shapes and even larger superclusters. 
extreme objects in the sizes, containing froma Galaxy superclusters are 

Universe - neutron stars few million to several the largest structures 
and black holes. trillion stars. bound by gravity. 


SUPERNOVA REMNANT SPIRAL GALAXY 


PLANETARY NEBULA ELLIPTICAL GALAXY GALAXY SUPERCLUSTER 
NEUTRON STAR IRREGULAR GALAXY 
BLACK HOLE ACTIVE GALAXY 
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There are about 2 trillion 
galaxies in the part of the 
Universe that we can observe. 
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& @ Elementary particles are indivisible, with Dp 
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P4 Pown with other matter and force-carrier AJ 
Ww QUARK M4 particles to make composite particles. ° 
= O 4 Some of the most widespread elementary fe) 
as < particles in the Universe are shown here z 
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THE SMALLEST UNITS 


Objects in the Universe take a vast array of forms - from the 
familiar surfaces of rocky planets, to intensely hot stars and 
infinitely dense black holes. Different though they are, these 
objects are all made up of the same extremely small units, 
known as particles. As well as particles that form matter 
(called fermions), there are other particles, known as bosons, 
that transfer forces between matter particles. 


Composite particles 
Also known as hadrons, 
composite particles have an 
internal structure. They include 
protons and neutrons, which were 
once thought to be elementary 
but are now known to be made of 
quarks held together by gluons. 


PROTON NEUTRON 
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Negatively charged : 
electrons move around in : 
the space surrounding the H 
nucleus. The region where é 
they are likely to be found is i 


SNOULD3143 


called an electron cloud. : 


3 “Ks 


The nucleus at the centre : 
of every atom contains : 
positively charged protons. i 
The nuclei of all atoms : 
except hydrogen also i oe 
contain neutrons, which have : <8 
no charge, giving the nucleus : <a nae 
an overall positive charge. : Se <8 


PROTON (+) ) NEUTRON 


NucLEV? 


Most large-scale matter is built from atoms, made 
of protons, neutrons, and electrons. The protons’ 
positive charge is balanced by the electrons’ 
negative charge so an atom has no overall 
charge. But if it gains or loses electrons, 
it becomes a charged particle 
called an ion. 


SNATINN 


Atomic structure 
In each element, the atomic nucleus contains 
a characteristic number of protons. A neutral 
helium atom has a nucleus with two protons 
and two neutrons, orbited by two electrons. 
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wavelength. Radio waves 
have the longest wavelength, 
gamma rays the shortest. 


The distance between 
two successive crests or 
troughs of a wave is its 


HLONATJAVM 


1 second. Long-wavelength 
radiation has low frequency 


that pass a given point in 
and vice versa. 


The frequency of a wave 
is the number of crests 


ADNINODAs 


All forms of 
electromagnetic radiation 
travel through space at the 


speed of light. 
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ACROSS THE SPECTRUM 


Electromagnetic (EM) radiation is energy that travels in the 
form of waves. Along with matter, it is one of the main 
components of the Universe. All forms of ordinary matter 
emit EM radiation, which can travel through empty space as 
well as some types of matter. Visible light is the most familiar 
form of EM radiation. Other forms include infrared, radio 
waves, and X-rays. These differ in their wavelengths and the 
way they interact with matter. The full range of wavelengths 
is called the electromagnetic spectrum. 
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SPLITTING LIGHT 


The atoms of each chemical element emit or absorb radiation 
at characteristic wavelengths (see pp.16-17). This means that 
by studying the light emitted or absorbed by an object, such 
as a Star or a nebula, astronomers can work out what it is 
made of. The spectrum of radiation emitted by an object is 
like a fingerprint. Studying these “fingerprints” is known as 
spectroscopy, and the instruments used to generate and 
analyse them are called spectrographs. 


ABSORPTION LINES 


In this type of spectrum, called an 
absorption spectrum, each element 
produces a unique pattern of black 
lines, caused by atoms absorbing 
radiation at specific wavelengths. 


STARLIGHT 


The light coming from a 
star contains a mixture 
of wavelengths. 
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i Light enters the spectrograph, 
? where a diffraction grating splits 
i it into its constituent wavelengths. 
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LIGHT FROM DISTANT 
GALAXY GALAXY 


SPECTRAL 
LINE 


OBSERVER 


OBSERVER AND OBJECT STATIONARY ABSORPTION 
SPECTRUM 
le eee 
Pini LIGHT WAVES se 
eel STRETCHED ies 


OBSERVER AND GALAXY MOVING APART 


: Waves of light from the 
i object become longer; 

: lines shift towards the 

: red end of the spectrum. 


RED SHIFT 


“LIGHT WAVES 
*. COMPRESSED 


OBSERVER AND GALAXY MOVING CLOSER 


: Light waves are compressed, 
with shorter wavelengths; 
: spectral lines shift towards blue. 


SHIFTING LIGHT 


The light emitted by an object can reveal not only what that object 
is made of but also how it is moving. When a source of light, such 
as a galaxy, and an observer are moving relative to each other, the 
observer receives light of a different colour compared with when 
they are not moving. The whole spectrum is shifted towards the 
red when the object is receding and towards the blue when it is 
approaching. The faster the relative motion, the greater the shift. 


BLUE SHIFT 
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BIG BANG 


INFLATION 


In its first 105 seconds, 

the Universe doubled in 

size 100 times over. Then, 

in a period called inflation, 
it expanded at faster than 
the speed of light, becoming 
cooler and less dense. 


MATTER AND ENERGY 


At first, the Universe was so hot that 
matter could easily change into energy 
and vice versa. At the end of inflation, 
as the temperature fell, elementary 
particles (see p.14), including quarks 
and electrons, emerged. 


THE BIRTH OF 
THE UNIVERSE 


About 13.8 billion years ago, the Universe began 

in an event called the Big Bang. All the matter and 

energy in the present-day Universe expanded outwards 

from an incredibly hot, infinitesimally small point of infinite 
density called a singularity. At first, the Universe consisted only 
of energy. But within the first minuscule fractions of a second, 
it had expanded rapidly and a sea of matter and force particles 
had emerged. The Universe continues to expand to this day. 
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ATOMIC NUCLEI FORM 


Within a millionth of a second, 


@ quarks were bound together by 
=f gluons to form protons and 

. neutrons. After 20 minutes, 
HELIUM-4 some of these had combined 
NUCLEUS to form atomic nuclei. 
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NUCLEUS 


* @ THE FIRST ATOMS 


< For atoms to form, 

(=) C4) (=) atomic nuclei have to 
. combine with orbiting 
electrons. But the early 

LITHIUM-7 Universe was too hot and 
ATOM dense for this to happen. 


(—) (=) It would be another 
—@ 380,000 years before 
(=) conditions were right. 
ONTOM @ 
Despite its 
See name, the Big 
(=) Bang was not 
an explosion 
me, into space but a 
SC) rapid expansion 
Sens of everything, 
ATOM including 
space itself. 
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Compared with : 

F | R S T LI G | T later generations : 
of stars, the early : 

stars consumed : 


In cosmic terms, the first stars formed just their fuel supplies : 
F . relatively quickly : 
a short time after the Big Bang. These were pnd then excloded = 


300 MILLION YEARS 
AFTER BIG BANG 


huge stars that existed for a relatively short as supernovae. i 
time and then exploded as supernovae. 
Before the Universe was half a billion years 

old, small galaxies had also emerged. They 

would go on to merge to form larger galaxies. 


The early Universe : 
consisted of atoms of : 
ordinary matter amid i 

another kind of matter : 
known as dark matter : 
(see p.30). This period is : 
called the Cosmic Dark i 
Age because there were : 
no sources of light. i 


: Early stars formed inside giant 
? clouds of gas. Unlike later 

i generations of stars, they 

? consisted only of hydrogen 

i and helium, with no 
: heavy elements. 
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Under the influence of dark 


matter, stars clumped together 
to form infant galaxies. 

These were relatively small 
structures, known 

as dwarf galaxies. 


400 MILLION YEARS 
AFTER BIG BANG 


MERGING DWARF 
GALAXIES 


SPIRAL 
GALAXY 


DWARF 
GALAXY 
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At rer The formation of the first 
galaxies triggered waves of new 

star formation. Mergers between 

the early dwarf galaxies led to 


the formation of larger galaxies. 
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800 MILLION 
YEARS AFTER 
BIG BANG 
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SPACE IS 
GETTING BIGGER 


Ever since the Big Bang, the Universe has been getting bigger. 
This is because space itself is expanding. On large scales, 
objects in space are getting further apart. This does not 
apply to objects attracted to each other by gravity, such 
as stars in a galaxy or even galaxies in a galaxy cluster, 
but galaxy clusters themselves are getting further 
apart. Not only are these far-off objects getting © 


us, 


SPACE 

EXPANDS 

tite a Srnec Were. 
As space expands, GREATER 

galaxy clusters DISTANCE 


become further 
apart. The space in 
between becomes 
increasingly empty. 


ACCELERATING 
EXPANSION 


For about the last 
7.5 billion years, the 
expansion of the 
Universe has been 
speeding up. This might 
be due to dark energy 
(see p.31), which acts in 
opposition to gravity. 


How space expands 
Galaxies and other 
objects are not getting 
larger, nor are they 
moving through space. 
Instead, space itself is 
expanding, carrying 
objects with it. 
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PROPER DISTANCE 


SEEING INTO THE PAST 


Light travels incredibly fast, but it still takes time for light from an 
object in space to reach Earth. So when we look at a celestial object, 
we see it as it was in the past. The further we look into space, the 
further we see into the past. When talking about the distance to 
these remote objects, we have to remember that space is continually 
expanding. The distance light has travelled from an object to reach 
us is called the lookback distance. But the current actual distance 
to the same object is greater and is called the proper distance. 
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Einstein’s gravity 

Albert Einstein proposed that gravity 
is a distortion of space-time. Here, 
the three dimensions of space are 
represented by a two-dimensional, 
stretchable rubber sheet. 


SPACE-TIME GRID 


An imaginary grid of squares 
makes it easier to see the 
distortion of the rubber 
sheet in this model. 


WARPED SPACE AND TIME 


In the early 20th century, Albert Einstein and others realized that 
space and time are not separate entities but are, in fact, closely linked. 
The three dimensions of space and the single dimension of time can 
be combined into a four-dimensional realm called space-time. This 
idea has important implications for how objects move through time 
and space because mass and energy distort space-time. According to 
Einstein’s general theory of relativity, gravity is the effect that these 
distortions have on the path that an object takes through space-time. 
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DISTORTION BY MASS 


: The star and planet attract each other, 
i but the effect on the planet is more 
: obvious because it has less mass. 


GRAVITY AS 
A FORCE 


PLANET 


Isaac Newton’s gravity 

Newton’s theory of gravity, later 
surpassed by Einstein’s, describes gravity 
as a mutual force of attraction between 
objects with mass. The greater the mass, 
the stronger the gravitational pull. 


? When a small object 

} such as a planet is close 

i to a more massive object 
} suchas a star, it follows a 
? curved path. 
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i The stretching of a two- 

: dimensional rubber sheet into a 

i dip when a weight is placed on it 
? can help us understand how the 

i space dimensions of space-time 

? become warped near an object 

? with mass, such as a Star. 
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When an object with mass accelerates (undergoes a change in its 
velocity), it sends out ripples that travel through space-time (see 
pp.26-27) at the speed of light. These ripples are called gravitational 
waves. Astronomers detected a gravitational wave for the first time in 
2015, picking up the disturbance caused by a collision between two 
black holes. Other energetic events, such as supernovae and collisions 
between neutron stars, might also generate detectable waves. 


Two black holes, each with : 2 a As they orbit each other, : z o 

about 20 times more mass a ro) the two black holes send : 3 z 

than the Sun, approach : 5 = ripples out into space-time. : = = 
each other, orbit a mutual : 6 a When they eventually : = 
centre of mass, and i o bs collide, a massive i S 
eventually collide. i a shockwave is released. i a 


RIPPLES IN SPACE-TIME __ 


The first gravitational waves were 
detected exactly 100 years after they 
were predicted by Albert Einstein. 
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SUN AT FOCUS SECONDARY The orbit of a planet is an ellipse 
POINT FOCUS POINT with two focus points. The Sun 
sits at one focus. The planet is 
ORBIT always at the same combined 
distance from these two points. 
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 —_ PERIOD KEPLER’S SECOND LAW 
A planet speeds up as it gets 
100-DAY closer to the Sun. An imaginary 
PERIOD 


line from a planet to the Sun 
sweeps out equal areas in equal 
periods of time. 


SLOW-MOVING 
OUTER PLANETS KEPLER’S THIRD LAW 


; Planets take longer to complete 

a an orbit the further they are 
= from the Sun. Kepler’s third law 
FAST-MOVING links a planet’s orbital period to 


INNER PLANETS the size of its orbit. 


BODIES IN MOTION 


The path of a body moving under the gravitational influence of 
another is called an orbit. The less massive object follows a curved 
path, constantly changing its direction and speed. The smaller body 
does not simply orbit the larger. Instead, both move around a point 
called their joint centre of mass. Where one object orbits another in 
a closed system (like a planet in the Solar System), the two bodies 
follow three laws discovered by the astronomer Johannes Kepler. 
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Hidden matter 

The unseen Universe 
consists partly of dark 
matter but mostly of dark 
energy (see opposite). 


Dark haloes 

The way that most galaxies 
rotate cannot be explained 
by the amounts of ordinary 
matter we can detect. 
Models of how they form 
and rotate suggest that 
galaxies, including the 
Milky Way, are surrounded 
by haloes of dark matter. 
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© ORDINARY MATTER 4.9% 
@ DARK MATTER 26.8% 

- DARK ENERGY 68.3% 
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~~ THE UNSEEN © 
UNIVERSE ; 


We see objects such as stars and planets 
= because they emit or reflect light or other 


< 
® radiation. But the ordinary matter in these objects . 
accounts for just 5 per cent of all matter. About a 

; 25 per cent is matter in an invisible form called dark “) 


matter. We know it is there only because its 
gravity affects ordinary matter. Dark matter 
could be ordinary matter that does not emit fg 
much radiation. But it seems more likely 
, to be made of subatomic particles ; 
ts that do not interact with 
radiation at all. = 
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THE ENERGY OF SPACE 


Most of the mass and energy in the Universe is in the form 
of a mysterious invisible substance or force known as dark 
energy that is causing the expansion of the Universe to 
accelerate. A possible explanation is that space is not simply 
“nothing” but instead has intrinsic properties that oppose 
gravity and stop the Universe from contracting. We do not 
experience the effects of dark energy because, at the scales 
most familiar to us, gravity binds matter together. 


ACCELERATING el lea [eal a 
EXPANSION 


EXPANSION PRESENT DAY 


The rate of expansion 
is increasing, possibly 
because the influence 
of dark energy grows as 
the Universe expands 
and more space comes 
into existence. 


(| se 
Te cee! | eee | ee nGo Following the Big Bang, 
SLOWING EXPANSION ILLION YEARS the Universe expanded 
Pereeererererrrrrrerer rer re reer reece terre eee rapidly. The speed was 
After its initial rapid at its most extreme 
expansion, the Universe during the period of 
kept oa ee but inflation (see p.20). 
ataslowerrate. This —=-—«s-_s—»s—=——(i(“(“(”*C*«#CAt Rea naeneeenee cece cece nnn nnnnnnvcc tone c cnn nana nnnnneonceccesce coronene 
continued until the RAPID EARLY EXPANSION 
Universe was about 
7.5 billion years old. 


Time began 13.8 billion years ago 


BIG BANG 
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The Sun, our nearest star, dominates the Solar System. Its 
gravitational influence extends over a vast region of space 
that includes eight major planets, more than 200 moons, 
and countless other small bodies, including dwarf planets, 
asteroids, and comets. As well as holding these objects in 
their orbits, the Sun is also their primary source of energy. 
As our neighbourhood, the Solar System is the corner of the 
Universe that we know best. We can see the Moon’s craters 
and plains and several planets without the help of binoculars 
or telescopes. All the planets and some of the smaller 
bodies have also now been visited by spacecraft, which have 
sent back data, pictures, and even some physical samples. 


: The Sun makes up 
99.8 per cent of the 


Solar System’s mass. ee 
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2 Energy source © 

All planets in our Solar System 

orbit the Sun. The closer each 

planet is to the Sun, the more 
energy and heat it receives. 
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: Sun Mercury : : Earth : Pluto 
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Asteroid Belt ? Kuiper Belt ! Oort Cloud : 


Solar System distances 

Earth is 150 millionkm (93 million miles), or one 
astronomical unit (AU), from the Sun. On this 
graphic, the distance markers increase by a 
factor of 10 with each step away from the Sun. 
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The Solar System is a family of objects held in position by 

the gravitational attraction of the Sun. Each planet orbits the 
Sun at a different speed. Nearest the Sun are the four rocky 
planets - Mercury, Venus, Earth, and Mars - followed by the 
Asteroid Belt, an area filled with tens of thousands of rocky 
objects. The giant planets — Jupiter, Saturn, Uranus, and 
Neptune - orbit further out from the Sun. Beyond Neptune 
is the Kuiper Belt, a doughnut-shaped disc of icy objects. 
Further still, more icy objects are found in the Oort Cloud. 
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: In a repeating cycle, hot 

i gas rises, transfers energy 
! to the surface of the Sun, 

? then cools and sinks down. 


CONVECTIVE 
CURRENTS 
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The Sun is-1.4 million km 
(870,000 milés) wide, 
meaning that over a million 
Earths could fit inside it. 


L = otosphere, the fir: H 
of three layers comprising : 
the Sun’s atmosphere, i 
is transpar ‘ 
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ATMOSPHERE 


of a solid surface. } 


UPTO 
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CORE Isceccccccccc ee HO 
| EARTH 
Speed of light 
The Sun is so dense that it can take up to 
1 million years for energy to escape. However, 
it only takes eight minutes for this energy, as 
A radiation, to reach us from the Sun. 
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mM Fg the Sun’s chromosphere. 


OUR STAR 


The Sun is the largest and hottest object in our 
Solar System, and our main source of energy. It is 
mostly made of hydrogen, which contains so much 
energy that it exists in a state called a plasma, where 
electrons escape atoms and leave them electrically 
charged. At the Sun’s core, temperatures reach 
15 million°C (27 million°F). The Sun has a mass of 
around 330,000 times that of Earth, and its gravity 
binds everything in the Solar System in orbit. 


THE SUN 37 


THE SWIFT PLANET 


The smallest planet in the Solar System, Mercury 
is smaller than the largest moons of Jupiter and 
Saturn. It is so close to the Sun that from its 
surface, the Sun would seem two to three 
times larger than it does on Earth. At 
more than 170,000 kph (106,000 mph), 
Mercury has the fastest orbit of any 
planet. However, its slow rate of 
rotation means that a day on 
Mercury lasts twice as long as a 
year. This, along with Mercury’s 
lack of atmosphere, results in 

the greatest temperature 

variation of any planet, with 

highs of up to 430°C (806°F) 

in the day and lows as cold 

as -180°C (-292°F) at night. 


VAST CRATER 


At over 1,500km (930 miles) 
across, the Caloris Basin is one of 
the Solar System’s largest impact 
craters. It is encircled by a ring of 
mountains 2 km (1.2 miles) high. 


A year on Mercury - the 

amount of time the planet SST SR 
takes to fully orbit the = att 
Sun - lasts just 88 days. 
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MERCURY 
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Eccentric orbit 

Mercury has the most 
eccentric (elongated) orbit of 
all the planets. At perihelion, 
its closest point to the Sun, 
Mercury is 47 millionkm (29 
million miles) from the Sun, 
while at aphelion, its furthest 
point, it is 70 millionkm 

(43 million miles) away. 
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PA semi-molten rock mantle 600km 

: (400 miles) thick surrounds Mercury’s 
iant core, which boasts more iron 
han any other planet in the Solar 

: System. Surrounding this is Mercury’s 
: crust, a harsh landscape made of 

: basalt and other silicate rocks, and 

: dotted with impact craters. 


INTERNAL STRUCTURE 


MERCURY 139 


“There are so many stars 
shining in the sky... but 
when Venus comes out, all 


the others are waned...” 
Galileo Galilei 
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Internal structure 

With an iron core anda 

hot, rocky mantle, Venus 

CLOUD DECK is similar in structure to 
RS Se eran cs siskesvtaeviséassceiosy Farth and only 650km 


A thick layer of 4 ‘ 
cloud obscures the (400 miles) smaller in 


surface of Venus. diameter. The two also 
share a rocky surface. 


INFRARED 
RADIATION 


SURFACE 


Greenhouse effect 
Only 35 per cent of the sunlight 
that hits Venus breaks through 


Venus’s rocky } 


: : i terrain features : wi 
its clouds. Vals ¢ atmosp ere many volcanoes : & 
prevents any rising radiation from and craters, and : 5 
escaping, so heating the planet. vast lava plains. : ® 
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EARTH’S SISTER 


In structure and size, Venus is strikingly 
similar to Earth, its neighbour and “twin” 
planet. On the ground, however, Venus 
is a fiery, waterless, and harsh terrain. 

Its thick atmosphere, at 96.5 per cent 
carbon dioxide, traps the nearby Sun’s 
heat. This makes Venus the hottest 

planet in the Solar System, with 
surface temperatures as high as 

471°C (880°F) - hot enough to 
melt lead. The planet’s surface 
is also littered with volcanoes 
no more than 500 million 
years old, a few of which may 
be active or just dormant. 
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ATMOSPHERE 


The lower layer of Venus’s 
atmosphere is dense, thick, and 
extremely hot. Above it, the 
planet’s cloud deck extends 
32-90km (20-55 miles) above 
its surface. From there, the air 
gradually thins out into space. 
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HOME 
WORLD 


Situated between Venus and 
Mars, Earth is the only planet 
in the Solar System known to 
host life. This is largely possible 
because of the fine balance 
between Earth’s distance 
from the Sun and the planet’s 
moderately thick atmosphere, 
along with an abundance of 
water. Five huge oceans cover 
69 per cent of Earth’s total 
surface, and icy polar caps 

a further 2 per cent, while 
the rest is land. Earth is a 
dynamic planet, with slow- 
moving tectonic plates that, 
on colliding with each other, 
give rise to features such as 
mountain ranges, volcanoes, 
and deep-sea trenches. 


Internal structure 

Earth’s iron-nickel inner core 

is encased in a liquid-iron outer 
core, a mostly solid mantle, 
and a crust made up of many 
different types of rock. 
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Below continents, Earth’s : 
crust can be up to 70km : 
(43 miles) thick. Below } 
oceans, however, it can be : 
as thin as 5km (3 miles). i 


LAYERED ATMOSPHERE 


While Earth’s mantle : 
is basically solid, it can : 
slowly deform, causing small i 
movements in the planet’s : 
crust over millions of years. : 
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Magnetosphere 


Earth is shielded from the solar 
wind - charged particles ejected 
from the Sun - by its magnetic 
field, which creates a magnetic 
bubble in space called the 
magnetosphere. The front 
surface of the magnetosphere, 
the magnetopause, is where the 
solar wind is deflected away. 


Some parts of 
Earth’s surface 
experience 
stronger gravity 
than others. This 
is because Earth 
is not perfectly 
round but rather 


w a } Although Earth’s oxygen- slightly squashed, 
wi ;- : rich, layered atmosphere is nes A 

Fe s } several hundred kilometres so that It Is wider 
of : thick, most of its weather at the eq uator. 
z= 9 : systems are found in the 

< < : lowest 10km (6 miles). 
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THIN CRUST a 
The Moon’s , 


granitelike crust {- 

is thin - on 

average about y Structure 
50km (30 4 The Moon’s inner 


miles) deep. core is a ball of pure 


iron held within a 
molten, iron-heavy 
layer. Except for 

its inner mantle, 
most of the Moon’s 
silica-rich mantle, 
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some 1,350km 
(840 miles) thick, 
is solid rock. 


i The Moon’s core is small, 
? occupying only 20 per cent of its 
: total diameter, compared with 


ku 
= : 
S : 50 per cent for Earth’s core. 


EARTH’S SATELLITE 


Earth’s only natural satellite, the Moon orbits our planet 
at an average distance of 384,400 km (238,900 miles). It is 
the brightest and largest object in the night sky, so much 

so that some of its surface features are visible to the naked 
eye. The Moon’s gravitational pull is the main cause of Earth’s 
ocean tides. A source of intrigue since prehistoric times, 
the Moon remains the only extraterrestrial body to have 
been explored by human astronauts. 
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IMPACT BASIN 


Formed bya 
meteorite strike, MARE IMBRIUM MONTES 
Mare Imbrium is * (SEA OF RAINS) 


CAUCASUS 
an impact basin 


1,123 km (698 


miles) across. MARE SERENITATIS 


(SEA OF SERENITY) 


MARE 
CRISIUM 
(SEA OF 
MARE CRISES) 
TRANQUILLITATIS 
(SEA OF TRANQUILLITY) 


COPERNICUS 
CRATER 


MARE NUBIUM 
(SEA OF CLOUDS) 
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TYCHO CRATER 


Although small, Tycho is i 
one of the Moon’s most 
: a= 
prominent craters. Young, : X 
at 108 million years old, it is 2 
surrounded by bright rays. : 


: Mare Tranquillitatis is the 

i site of NASA‘s Apollo 11 

} landing in July 1969. The 

? area was chosen for its 

: relatively flat, level terrain. 


CRATER 
LANDING 


Surface 
Meteorites have blasted the Moon for billions of 
years, creating thousands of craters. Dark plains 
called seas formed when lava from volcanic eruptions 
flowed into impact basins, then cooled and solidified. 


The Outer Space Treaty, created in 
1967 and signed by over 130 countries 
to date, prohibits any nation from 
claiming sovereignty over the Moon. 
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TURNING IN STEP 


The Moon orbits Earth once every 27.3 days. However, 
it takes slightly longer (29.5 days) to go through its cycle 
of phases (see opposite). This is because as the Moon orbits 
Earth, Earth also orbits the Sun. Millions of years of gravitational 
interactions between the Moon and Earth have seen the Moon’s rate 
of rotation slow down and become locked at exactly the same rate 
at which it orbits. This phenomenon is known as captured rotation. 


MOON 


: On average, the Moon 
? travels at 3,700 kph 
: (2,300 mph). 


NEAR SIDE 


Only one side of the 
Moon, the near side, is 
ever visible. We never 
see the Moon’s far side. 
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SUNLIGHT 


THIRD 
QUARTER 


WANING), ee Benen WANING 
CRESCENT OA ee ~.., GIBBOUS 
, . 

NEW FULL 
MOON | MOON 
4 4 
WAXING WAXING 
CRESCENT GIBBOUS 


See cr a When more of the 
Z : Moon's face appears 
w @ : to be lit each day, it is 
MOON 2 Z : referred to as waxing. As 
a S i the lit area decreases, it 
5 5: is referred to as waning. 


NEW MOON TO FULL MOON 


The Moon is visible only because it reflects light from the Sun. 
As a result, when the Moon sits between the Sun and Earth, at the 
new Moon stage, there is no light reflecting back to us. This means 

that we can’t see the Moon at all, unless it is silhouetted during 
a solar eclipse. When at the opposite side of its orbit, the whole 
of the Moon’s Earth-facing side is lit and seen as a full Moon. 
At different stages between new and full Moon, only certain 
parts of the Moon’s illuminated half are visible from Earth. 
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IN THE MOON’S 


IN EARTH’S 


SHADOW 


SHADOW 


A solar eclipse occurs 
when the Moon blocks 
the light from the Sun, casting a 
shadow on Earth. If the Moon orbited 

Earth on the same plane as Earth orbits the Sun, 

a solar eclipse would occur every month. The Moon’s 
orbit, however, is tilted, so an eclipse occurs somewhere 
on Earth once every 18 months or so. An annular 
eclipse occurs when the Moon is too far from 

Earth to fully block out the Sun’s light, 
leaving a narrow ring of light 
around the Moon. 


SUNLIGHT 


A lunar eclipse occurs 

when Earth blocks sunlight 

from reaching the Moon. Normally, the 

Moon is visible because it reflects sunlight, so 

when Earth blocks this light out, the Moon darkens. 
It doesn’t totally disappear, however, because Earth’s 
atmosphere still scatters light, which reaches the 
Moon and reflects back. This smaller amount 

of light makes the Moon appear much 

darker, and with a yellow, 

orange, or red hue. 
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A partial solar : 

eclipse occurs in the : 
penumbra (the lighter : 
outer shadow). i 
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A total solar-: 
eclipse occurs : 
in the umbra. : 


Solar eclipse 
Inside the umbra, the darkest part of 
the shadow cast onto Earth, a total 
solar eclipse occurs, lasting anywhere 
from a few seconds to several minutes. 


Lunar eclipse 
A lunar eclipse lasts much longer than 
a solar eclipse, because the Moon 


moves into Earth’s shadow, which < : Apenumbral 
is much wider than the Moon.  : lunar eclipse 
= i occurs in the 
Z : penumbra. 
a: 


: A total lunar 
: eclipse occurs 
: in the umbra. 


UMBRA 
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THE RED PLANET 


Mars, the fourth planet from the Sun, is known Z 
for its striking reddish hue. This is caused by wa ae rs 
iron oxide, the same compound found in “Ap, | 
rust, on the planet’s surface. Mars has i 
many Earthlike features, including 

clouds, winds, seasonal weather, and 

a roughly 24-hour day. Traditionally, 2 
these traits have led many to view # 
Mars as the most likely potential 
host for life, besides Earth, in 

our Solar System. However, 


: OLYMPUS 
Mars is much colder than : 
/ MONS 2 
Earth, and has no liquid water 4 
on its surface and almost no or 
oxygen in its atmosphere. 
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Martian lunar system 
Mars has two moons: Phobos and ~ =. 
Deimos. Phobos is closer to Mars 
and orbits the planet more than 
four times faster than Deimos. 
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Structure 

Mars has a dense core of iron, nickel, 
and sulphur, which may be totally or 
partly liquid, surrounded by a rocky 
mantle. The planet’s crust is mostly 
volcanic rock. Mars’s atmosphere is 
95.3 per cent carbon dioxide, a gas 
that freezes during winter, causing 
a significant drop in pressure. 


THIN ATMOSPHERE 


The Martian atmosphere 
is about a hundred times 
thinner than Earth’s. Near 
the surface, winds whip up 
huge dust storms. Clouds 
and fog sometimes form. 


CHAOS TERRAIN 


Hydraotes Chaos is 

just one example of 

chaos terrain - areas ona 
planet with an erratic mix of 
features such as ridges, hills, 
valleys, mesas, and troughs. 


Vallis Marineris, the 
largest canyon on 
Mars, is long enough 
to stretch from New 
York to Los Angeles. 
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Polar ice ICE DEPTH 
In early spring, when temperatures HERE 
on Mars are cooler, large amounts of THICKEST THINNEST 


carbon dioxide ice build up around its 
poles. By late spring, these recede. 


MARTIAN ICE 


The Mars we know is a sterile and barren wasteland. A variety of 
surface features visibly shaped by water flow, however, suggest that 
billions of years ago, it was probably covered in rivers, lakes, and 
even oceans of water. Today, water is found only on the surface of 
Mars in ice form. However, in the south polar region, scientists have 
recently discovered subglacial lakes buried deep underground — 
the first stable bodies of liquid to be found on the planet. 


Under the surface, Mars is 
covered in bands of slow- 
moving glaciers (permafrost). 


FROZEN UNDERGROUND 


Layered surface 

Loose rock and dust (regolith) covers CARBONATE 
the surface of Mars. Beneath is a layer ROCKS 
of permafrost above a solid rock crust. 
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Volcanoes on Earth 
On Earth, shifts in 
tectonic plates mean 
that the next eruption 
from the same magma 
chamber can often 
form a new volcano. 


A 


MAGMA 
CHAMBER 


PLATE MOTION 


$ g : Because Mars’s crust, 
ow } unlike Earth’s, is one 
i Zeseee : ; 

ui < : solid, unmoving piece, 
Os: : Ar 
QO: eruptions over millions 
2; of years build up in 


? layers over one spot. 


SUPERSIZED 
VOLCANOES 


Mars is home to Olympus Mons, which, at three times taller than Mount 
Everest, is the largest volcano in the Solar System. However, none of the 
volcanoes found on Mars are active today, as the crust is too thick to 
allow molten rock to rise up through it. There is evidence 
for eruptions as recently as 50,000 years ago, but 
most Martian volcanoes formed 
1-2 billion years ago. 


MAGMA CHAMBER 
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- Near-Earth asteroids, i 
<2" such as Itokawa, : 
“<> approach or cross’ 
y Earth’s orbit.” 


i Toutatis measures : In 2001, Eros became the 
} around 2.5km (1.6 : first asteroid on whicha 
+ miles) in diameter. ? spacecraft has landed. 
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Major asteroids 
At 952 km (592 miles) 
in diameter, Ceres is 
the only object in the 
Asteroid Belt large 


enough to be classified THE MOON 
as a dwarf planet. Ceres 
and the next three 
largest asteroids — Pallas, 
Vesta, and Hygiea - 
make up about half 


Discovered in 1884, 


of the mass of the 
Ida was visited by the 5 . 
jubitersbound space entire Asteroid Belt. 
‘probe Galileo in 1993. 
CRATES PRG RSal se sts eovsoovnooveoues wn 
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re! 
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(4 
me 
= 
wn 
<q The Trojans are two large 
2 groups of asteroids that INTERAMNIA 
share Jupiter’s orbit. 
i a aes enge Ec 
re) TROJANS EUROPA 
[a4 
~ 
CERES 


The only dwarf planet in >t @) C KS 
/ the inner Solar System, 


Ceres takes 4.6 years to 


orbit the Sun. | N S PAC E 


There are millions of small, rocky worlds 

up to 1,000 km (600 miles) in diameter 

in the Solar System. Smaller than planets, 

but larger than meteoroids, they are known as 

asteroids. Some 1.1-1.9 million asteroids larger 

than 1km across are found in the Asteroid Belt. 

Asteroids, like comets, are remnants from the 

JUPITER birth of the Solar System that orbit the Sun. 
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The Great Red Spot 

This huge storm rolls around between 
two jet streams in the atmosphere, 
circling in opposite directions. These 
streams bring swirling eddies of gas, 
which merge with the Great Red Spot 
and may help to keep it spinning. Hot 
gas rising at the centre may also spin 
upwards through this powerful vortex. 


Internal structure 

Jupiter’s hot core is encased by a high- 
pressure mantle of metallic hydrogen, which 
behaves like a liquid metal in that it can 
conduct electricity and generate magnetic 
fields. Above this is a vast sea of liquid 
hydrogen, which gradually thins out into an 
atmosphere that is 90 per cent hydrogen. 


20 AUP IER 


? Swirling gases forma 
: pattern of dark belts divided 
: by lighter zones in Jupiter's 

: atmosphere, which extends 
: into space for more than 

: 5,000km (3,100 miles). 


OUTER 
LAYER 


KING OF 
THE GIANTS 


The most massive object in our 
Solar System apart from the Sun, 
Jupiter is also large enough for the 
other seven planets to fit inside 
it at the same time. It is the fifth 
planet from the Sun and one of 
the brightest objects in the night 
sky due to the amount of sunlight 
it reflects back at us. This gas 
giant takes almost 12 Earth years 
to finish one full orbit of the Sun. 
However, because it rotates more 
than twice as fast as Earth, a day 
on Jupiter lasts only 10 hours. 


TURBULENT ZONE 


A strong jet stream rips through 
Jupiter’s South Tropical Zone, the 
planet’s most active weather region. 


The temperature 
of Jupiter’s core is 
24,000°C (43,200°F) 
- more than four 
times that of the 
surface of the Sun. 


UP ERS ese 


Vast lunar network 

Jupiter’s larger inner moons 
orbit in the same direction as 
the planet rotates. Its smaller 
outer moons orbit in a messy 
cloud, and probably used to orbit 
the Sun before being captured 
by Jupiter’s gravitational pull. 


THE JOVIAN SATELLITES 


In total, Jupiter has more than 75 confirmed moons. 
The planet’s four Galilean moons are the most massive 
and inspire the most scientific interest. The Galilean moons 
and four smaller moons even closer to Jupiter make up the 
planet’s regular satellites, meaning they follow a relatively 
close and circular orbit. The remaining moons are irregular 
satellites, meaning their orbits are more eccentric 
(elongated), distant, or inclined. 
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: Callisto is the most distant of 
i the Galilean moons. So many 

: craters fill its battered surface 
: that any new craters tend to 

i erase older ones. 


CALLISTO 


Galilean moons 

These four moons are named 

after their discoverer, Galileo, who 
declared them the first objects to 
orbit a planet other than Earth. They 
are visible with binoculars when far 
enough away from Jupiter. 


Jupiter's gravity i 
pulls on lo, creating : 


enough heat to power i == r 
volcanoes on its surface. : ‘ : 
This makes lo the most : J UPITER apes : Tae th 
; J ; i : ocean hidden beneath a 
volcanically active object 6 : smooth, icy surface. This 
in the Solar System. : = : water-ice crust moves ina 


? similar fashion to Earth’s 
tectonic plates. 


EUROPA 


GANYMEDE 


Ganymede, at 5,300km 
(3,300 miles) wide, is 
significantly larger than 
Mercury and the largest 

moon in the Solar System. 


Ganymede is the only known 
moon in the Solar System 
with its own magnetic field. 
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THE RINGED PLANET 


The sixth planet from the Sun, Saturn is the 
second largest planet in the Solar System. It 
is known for its large, complex system of 
rings. Saturn, like Jupiter, is a gas giant 
with a vast number of moons - at least 
80 in total - held in orbit by a strong 
centre of gravity. With just one-third 
of Jupiter’s density, however, it is 
the only planet that, if placed in 
water, would float. Like Earth, 
Saturn’s axis of rotation is tilted 
as it orbits the Sun, resulting 

in seasons. Each season lasts 
more than seven Earth years. 


ATMOSPHERE 


Internal structure 

Like Jupiter, Saturn has a 

hot core surrounded by a 

vast ocean of high-density 
liquid metallic hydrogen. This 
gradually merges into the gas 
layer of the atmosphere above. 
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Saturn’s largest and : 
brightest ring is around : 
5-10m (16-33 ft) : 

thick and 14,600km : 
(9,000 miles) wide. : 


THE B RING 


Gaps between Saturn’s rings 

re caused by the gravitational 

: pull of the planet’s moons. The 

! Cassini Division, at 4,700km 

: (2,900 miles) wide, is the largest. 


CASSINI DIVISION 


CLOUD SURFACE 


As a gas giant, Saturn has no solid 
surface. Ammonia-ice clouds in the 
upper atmosphere lend the planet a 
yellow-white colour. Beneath, the 
planet’s hydrogen-rich atmosphere 
is 1,000km (600 miles) deep. 


SATURN 


The ratio of orbits 

For every two orbits made 

by Saturn, Jupiter makes five. : 
While this might seem like a ee fe 
locked system, it is actually : super 
a coincidence, as the ratio of 

their orbits is slowly shifting. 


SUN 
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: The dark, faint C ring, the 

i third of Saturn’s rings to 

: be discovered, is 17,500km 
? (11,000 miles) wide. 


The E ring is the i 

largest planetary i 

a 3 ring in the Solar : 
> i System. Made up of } 
oR : tiny particles, however, : 

oe — i it is virtually invisible. : 


VAST AND FAINT 


re 
nk 
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i The Gring is a faint, narrow 

: ring of very fine particles. 

: The most recently discovered 
: ring, it was only identified in 
? the late 1970s. 


4% 
% 
RECENT DISCOVERY 


? Encke Gap 


: TheA ring is one of Saturn's 
brightest rings, second only to 
: the B ring. Within the A ring, 

i near its outer edge, lies the 

: Encke Gap, a 325-km- (202- 

: mile-) wide division. 


BANDS OF ICE 


Several planets in the Solar System have rings. However, Saturn’s 
are the most spectacular and complex. Its large rings, each made up 
of many smaller ringlets, extend up to 282,000 km (175,000 miles) 
from the planet. They consist of billions of chunks of ice (with a tiny 
amount of rock and dust) ranging in size from a grain of sand to 
a house. The rings are named alphabetically in the order of their 
discovery, while gaps between rings are named after astronomers. 
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ORGANIC COMPOUNDS 


Ultraviolet sunlight splits 

methane and nitrogen SATURN 
molecules; they recombine 

as organic compounds. 


METHANE RELEASE 


Methane enters the C Si 
atmosphere from E 
R x RAIN BRINGS 
volcanoes and e be 
3 Ly DOWN COMPOUNDS 
surface cracks. im ns ste is ee deosnr sect enimassenaniesseeisas 
ca Some of the organic 
6 = compounds accumulate in 
= clouds and then form rain, 
oo which falls to the surface. 
oF ° 
Ke e 
*, O 
o ™ LIQUID METHANE SEA 
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SLUDGE LAYER 
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On the surface, the molecules : =) iA ey : Some organic compounds 
take a liquid form because of : 5 ° - x : created in the atmosphere cannot 
the low temperatures. Once it : fn > ~ 2 : dissolve in methane. When they 
has rained, the liquid flows : 3 cS) E Ks reach the sea, they settle on the 
through rivers to the seas. : OU & = < : bottom asa layer of sludge. 


THE METHANE MOON 


Saturn’s biggest moon, Titan is the only body in the Solar System 
other than Earth to have a weather cycle. But because of the low 
surface temperatures, of around -180° C (-290° F), Titan’s lakes, 
clouds, and rain are made up of chemical compounds called 
hydrocarbons, such as methane and ethane, instead of water. 
Titan’s atmosphere is 95 per cent nitrogen and 5 per cent 
methane, with a layer of ethane that gives the moon a haze. 
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THE E-RING MOON 


Enceladus is a small moon, only about 500 kilometres (300 miles) 
across, within Saturn’s E ring (see pp.62—-63). It has all the ingredients 
needed for life but is extremely cold, with temperatures of about 
-200°C (-330° F) that keep surface water in solid form. A thick layer of 
surface snow reflects sunlight, making Enceladus the most reflective 
body in the Solar System. However, there are some pockets of liquid 
water, thought to result from heating from the moon’s interior. 


WATERY ERUPTIONS 


: Near the ocean floor, 
S : water in contact with 

: rock heated from the 

: interior undergoes 

: chemical changes that 
? could help support life. 


Probably driven by tides, 
near the South Pole water 
vapour erupts to heights of 
several hundred kilometres 
through slots in the ice shell. 


HYDROTHERMAL 
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OUTER ICE SHELL 


Activity in the oceans 
Heat from Enceladus’s interior may lead 
to chemical changes in its ocean water. 
In places, plumes of ice and water 
vapour also burst through the ice shell. 


Uranus’s ? 
near-cloudless : 
visible surface : 
looks hazy due : 
to interactions : 
with the Sun's } 

ultraviolet light. : 


MURKY 
SURFACE 


? Strong winds rage 

: throughout the planet’s 
lower atmosphere, which 
i sits atop a hot liquid 

: mantle and a core made 

: mostly of rock. 


Uranus’s innermost ring and 
two outer rings are wide, 
faint, and dusty. There are 
also ten narrow inner rings. 
All are made of ice and an 
unknown dark material. 


ATMOSPHERE 


THE SIDEWAYS PLANET 


Uranus is an ice-giant planet rich in ices of water, ammonia, 
and methane. The seventh planet from the Sun, it orbits at a 
distance of around 2.9 billionkm (1.8 billion miles). The planet’s 
equator is nearly at a right angle to its orbital plane. This results 
in the most extreme seasons of any planet as, for a quarter of 
its 84-year-long orbit, one pole faces the Sun while the other 
is dark. Uranus also rotates east to west, which is the 
opposite direction to most of the other planets. 


66 | URANUS 


Neptune has : 
five rings, and : 
several partial H 
rings, or arcs. : 

All are made of : 
dust andice. : 


DARK RINGS 


JwaHdsOWL 


: Neptune’s mantle is made 


On Neptune’s surface, : Y wy 
iDe caries 
dark spots appear and : O w z : mostly of water, ammonia, 
disappear every few years. : = L 5 } and methane. It weighs 
These are huge storms, in : 5 rs = : ten times more than Earth, 
which winds can reach : = = 5 : and presses down on the 
2,400 kph (1,500 mph). : F < = : planet’s white-hot core. 


THE OUTERMOST GIANT 


Neptune is only slightly smaller than Uranus. However, it orbits at 
a much greater distance of 4.5 billionkm (2.8 billion miles) from 
the Sun, taking 165 years to complete a single orbit. Both planets 
share a blue tinge, derived from the methane in their near-identical 
atmospheres. Neptune's darker hue, however, suggests that it 
contains another unknown chemical. Within both Uranus and 
Neptune, intense pressure may have formed an ocean of 
diamonds between the mantle and the core. 
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FROZEN 
WORLD < 


A tiny world, Pluto has a MA « ' 


diameter only two-thirds that 

of Earth’s moon - and when the 
International Astronomical Union 
(IAU) formalized its criteria for 
planet classification in 2006, Pluto 
was designated as a dwarf planet 
rather than a planet. Of Pluto’s 
five moons, the largest, Charon, 

is around half the size of Pluto 
itself. On Pluto’s surface, where 
the average temperature is -233°C 
(-387°F), white methane frost 

sits on water-ice mountain peaks, 
and there is evidence of active 
cryovolcanoes - volcanoes that 
erupt water, ammonia, or methane. 


VENERA 
TERRA 
@ 


TOMBAUGH REGIO 


This large, bright surface feature 
spanning 1,590km (990 miles) 
contains Sputnik Planitia, a deep 
nitrogen-ice basin dotted with 
towering water-ice mountains. 


Light from the Sun 
takes more than five 
hours to reach Pluto. 


CS EPEUTO 


: The outer layer of Structure 
j Pluto is a thin, icy Pluto’s rocky core is unusually 
eCrUst Oe ete large, making up at least 60 

: and nitrogen at least i 
: 4km (2.5 miles) thick. per cent of the planet’s mass. 
: This core is encased in an icy 
mantle and a thin nitrogen crust. 
Winds in Pluto's thin nitrogen 
atmosphere blow in the opposite 
direction to its spin. 


CRUST 


MANTLE 


There may bea 
layer of liquid water 
at the bottom of 
Pluto’s icy mantle. 


Saturn : ? Sun 
TOMBAUGH : : 
REGIO 


Neptune : 


Uranus? Jupiter : Pluto : 


Tilted orbit 

Pluto’s 248-year-long orbit is highly 
tilted and highly elliptical. As a result, 
at different times it is above or below 
the plane of the major planets, and its 
distance from the Sun varies greatly. 


PLUTO 169 
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BROAD BELT 


The Kuiper Belt starts 
about 4.5 billionkm (2.8 
billion miles) from the Sun 
@ and extends to about 8.6 
billionkm (5.3 billion miles). 


NEPTUNE. 


nf O 
The Kuiper Belt is a flat, doughnut-shaped O 
ring of icy objects that revolve around the cr 
Sun. With its inner edge close to the orbit we) 

of Neptune, the belt is thought to consist of 
debris dating from the early history of the (@) 
Solar System. This material was originally oe Cc 
closer to the Sun but has since drifted to its 
current colder, more distant position. There ae — 
are trillions of objects in the Kuiper Belt, which m1 
is thought to be the source of most short- AJ 
period comets as they orbit the Sun (see p.75). AO 
The Kuiper Belt is also home to the dwarf Sa 
planets Haumea, Makemake, Eris, and Pluto. = 


LARGEST DWARF PLANET 


Although Pluto is the largest 
object in the Kuiper Belt, it 
is classed as a dwarf planet, 
because it has not cleared its 


orbital path of other objects. i 
MAKEMAKE ¢ 


701 THE KUIPER BELT 


SMALL WORLDS 


Much like regular planets, dwarf planets are almost spherical bodies that 
orbit the Sun and were shaped by their own gravity. The key difference 
between dwarf planets and standard planets, as defined by the 

International Astronomical Union (IAU), is that dwarf planets have 

not cleared their orbital paths of other objects. The IAU only 

recognizes five dwarf planets, but astronomers believe that 
there may be hundreds more in the Kuiper Belt. Only one 
of the five official dwarf planets - Ceres - is found in 
the Asteroid Belt (see pp.54-55), while the rest 
are situated in the Kuiper Belt. Some dwarf 
planets have their own moons. 


Eris 

Diameter 2,326 km (1,445 miles) 
Earth ; 
Diameter 12,742km : 
(7,917 miles) : 


Pluto 
Diameter 2,377 km (1,477 miles) 


Haumea 
Average diameter 2,200km (1,400 miles) 


Sunlight takes 


nine hours to Haarrene 
reach Eris, the Diameter 1,430 km (890 miles) 
most distant 

dwarf planet. Ceres 
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“The Sun must be 
surrounded by a general 
cloud of comets... ” 


) 
‘NNER OORT cv? 


: While the inner Solar 
: System is shaped like 
? a flat disc, the Oort 

; Cloud is thought 

: to be a vast sphere 

: stretching out from 

2 itin every direction. 


THE KUIPER BELT 


“Loup of come’? 


The Oort Cloud is a reservoir of small icy bodies believed to surround 
the Solar System, stretching far beyond the Kuiper Belt (see p.70). It is 
where most long-period comets come from and starts 300-750 
billion km (190-470 billion miles) from the Sun. Its outer edge is 
1.5-15 trillionkm (0.9-9 trillion miles) from the Sun - or halfway to 
the nearest star. Oort Cloud objects orbit the Sun at all angles, unlike 
in the Kuiper Belt and Asteroid Belt, where most objects follow orbits 
close to the main plane of the Solar System. 
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THE OUTER LIMITS 


The Sun constantly emits a flow of electrically 
charged particles, called the solar wind, which 
travels for three times the distance to Pluto. 
It extends through a region called the 
heliosphere until it collides with the 
interstellar medium —- the thin gas 
between star systems - at the 
heliopause (the heliosphere’s 

edge). Beyond, in interstellar 

space, lies the Oort Cloud. 


TERMINATION SHOCK 
The pressure of the 
interstellar medium 
slows the solar wind 
down abruptly at a 

boundary called the 
termination shock. 


: Saturn : Neptune \ 


“Fee 


10AU 100AU _ 1,000AU 10,000AU 100,000 AU 1,000,000 AU 


ager 1 Alpha Centauri (closest star system) : 


BOW SHOCK 


As the heliosphere moves 
through the interstellar 
medium, it produces a bow 
shock similar to that of a boat 
travelling through water. 


HELIOPAUSE 

At the heliopause, 
the pressure from 
the solar wind is in 
balance with 
pressure from the 
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Between star systems 

The space between stars in a galaxy is called 
interstellar space. It is mostly filled with dust, 
gas, and cosmic rays. Stars form in the most 
dense regions of the interstellar medium. 
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BRIGHT TAIL 


of electrically charged 
aming from the coma. 


: The pressure of solar radiation 
: pushes dust particles streaming iS 
i outwards behind a comet. 

? Shining with reflected sunlight, 

: they form a whitish, curved tail. 


STREAM OF DUST 


COSMIC SNOWBALLS 


Comets are frozen bodies of dust and ice left over from the birth of 
the Solar System. Most are thought to come from the Oort Cloud 
(see p.72), although some come from the Kuiper Belt (see p.70). When 
a comet nears the Sun, solar heat vaporizes ice on its surface, creating 
a coma (atmosphere). A bow shock forms where the solar wind hits 
the coma. Interactions between the solar wind and the coma, along 
with solar radiation pressure on the coma, form two distinct tails. 
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HOW COMETS ORBIT 


There are two main types of comet: long-period comets, which are 
thought to originate in the Oort Cloud and take more than 200 
years to complete an orbit of the Sun; and short-period comets, 

which come from the Kuiper Belt and have an orbital period of less 

than 200 years. All comet orbits are elliptical (oval-shaped). Long- 
period comets often have orbits that are thin and elongated, while 
the orbits of short-period comets tend to be more circular. 


: This short-period comet, 
! which orbits the Sun 

i within the Asteroid Belt, 
i was discovered in 1867. 


: In 1996 this long-period 
? comet made the closest 
i approach to Earth by 
: acomet in 200 years. 
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It is thought that Halley, 


! which orbits the Sun once 
ea i every 76 years, was first 
! observed from Earth more 
< ? than 2,000 years ago. 
Q 


HALLEY 
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STREAKS OF LIGHT 


Meteors, or shooting stars, are flashes of light often visible from Earth’s 
surface caused by stony or metallic objects called meteoroids entering 
Earth’s atmosphere. Meteoroids are smaller than asteroids, and can be 
as small as a grain of sand. Those that are larger — around the size of a 

football - create much brighter flashes called fireballs that are visible 
for longer periods. Some meteoroids hit the atmosphere at such high 
speeds that they explode in mid-air, causing a meteor airburst. 

For example, in 1908 an airburst over Siberia flattened 

trees over 2,000 squarekm (770 square miles). 


The meteoroids that pass : 
through the upper atmosphere : 
intact are slowed and heated by } 
friction. This creates a glowing : 
streak in the sky called a meteor. : 


Meteors often : 
disintegrate further as : 
they approach Earth's i 
surface. Anything that : 
makes it to the ground : 
is called a meteorite. : 


METEORITE 


: Meteoroids entering 

? the atmosphere travel at 
i more than 11 km (7 miles) 
? per second. The vast 

: majority burn up in the 

: upper atmosphere. 


METEOROID 


METEOR 
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Every day, more than 


30,000 meteorites weighing 
at least 10g (0.4 0z) reach 


Earth’s surface. 


Each individual meteoroid 
stream can take tens of 
thousands of years to form. 


ROCKY DUST TRAIL 


PASSING THROUGH 


For example, when Earth 
passes through dust from 
comet Swift-Tuttle during 
the Perseids, 90 or more 
meteors may be visible 
per hour. 


STREAMS OF DEBRIS 


Comets and asteroids orbiting the Sun leave behind many streams 
of debris, mostly made up of rock and dust that breaks off in orbit. 
Some of these tiny objects, usually no larger than a pebble, lie in 
the path of Earth's orbit around the Sun. When Earth enters a 
stream of debris, more meteoroids than usual enter its atmosphere, 
~ causing what is known as a meteor shower. Meteor showers occur 
at roughly the same place in the sky at the same time every year, 
oe meaning that, although their intensity varies, they can be 

: predictably observed from Earth’s surface. 


itmhess 


"METEOR SHOWERS | 77 


Yr < 
q{ 
re < 
VY) O 


— 
X 


A N D 
| E § 


Despite its own great size, the Solar System is just a tiny 
part of a vast collection of stars, gas, and dust called the 
Milky Way galaxy - the Sun is just one of perhaps 400 billion 
stars in this assemblage. The Milky Way is a spiral galaxy, 
with several bright arms joined to its central nucleus, but 
galaxies can take various forms and they range widely in 
size. They can also be the focus of violent events. Collisions 
between galaxies are common. The black holes found at 
the centres of most galaxies can also drive highly energetic 
activity, emitting powerful blasts of radiation. Galaxies 
rarely occur in isolation but usually occur in groups called 
clusters that are, in turn, part of even larger superclusters. 


LIGHTS IN 
THE SKY 


Each pinprick of light in the night sky is a 
distant sun - a massive ball of extremely 
hot, glowing gas. Nuclear fusion reactions 
in a star’s core generate a huge amount 
of energy, which raises the temperature 
high enough to turn the star’s gas into 
electrically charged plasma. Energy is 
transferred through the star’s outer 
layers to the surface and emitted into 
space as heat and light. 


Heat transfer is by 
: convection alone. 


: Convection 
: occurs in the 
: outer layers. 


Radiation : 
transfers heat : 
around the core. : 


Transferring heat 

Heat is transferred from a star’s core to its surface by 
radiation and the motion of hot material (convection). 
Convection dominates where radiation is slower to 
carry heat away - in low-mass stars, the outer layers 
of Sunlike stars, and the cores of massive stars. 
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i Radiation 
: transfers heat in : occurs around 
? the outer layers. ? the core. 
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Forces in stars 

Stars would collapse under their 
own weight without the energy 
generated in their core. The 
pressure from expanding hot 
gas and radiation balances the 
inward pull of gravity. 
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Protons fuse 
Two protons fuse to form 
a hydrogen-2 nucleus 
(a proton and a neutron). 
A positron and a neutrino 
are released. 
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NEUTRON @@ HypRoGEN-2 
NUCLEUS 


Energy is released 
When another proton is 
, . V4_ encountered, a helium-3 
PROTON Quip : a) nucleus is formed and 
= energy is released in the 
form of a gamma ray. 
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GAMMA RAY 


HELIUM-3 @ & Helium is produced 


NUCLEUS @®,,, Cie) When two helium-3 
4 nuclei collide, they fuse 


aN a" to form a single helium-4 
nucleus, and two protons 
are released to carry on 
the chain reaction. 
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FROM MATTER TO ENERGY 


The pressure and temperature in a star’s core are high enough 
for hydrogen to be converted to helium by nuclear fusion. In a 
star like the Sun, this occurs through the proton-proton chain 
reaction. Energy is released when protons (hydrogen nuclei) 
combine to form heavier helium nuclei, with some protons left 
over to continue the reaction. In hotter, more massive stars, 

a more complex cycle converts hydrogen to helium using 
carbon, nitrogen, and oxygen as catalysts (the CNO cycle). 
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As their fuel runs out, 
the most massive stars 


: exploding as supernovae. 


expand into supergiants 
(such as Rigel) before 


STARS 


: SUPERGIANT 


DWARFS, 
GIANTS, AND Se P 
SUPERGIANTS ee. 


Stars differ greatly in their size, brightness, temperature, colour, 
and lifespan. Some of these properties are related. For example, 
colour depends on temperature: cooler stars glow red, emitting 
mostly low-energy, long-wavelength light; the hottest stars are 
blue, emitting mostly high-energy, short-wavelength light. Many 
of a star’s properties are dictated by its mass. An object with less 
than 8 per cent of the Sun’s mass cannot become a star, and no 
stable star of over 150 solar masses has been found. 


0.01 
WHITE DWARF STARS e 
Giant stars blow off their outer e 
layers, leaving behind a compact 
core that becomes a white dwarf. e@ 
0.0001 
30,000 K 20,000 K 10,000 K 
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Properties of stars 

When many individual stars are 
located ona grid with axes for 
luminosity and temperature 
(by convention with the 
hottest stars on the left), they 
fall into distinct groups. 


When a Sunlike star exhaust 


5 the hydrogen fuel in its core, i Z 
moves off the main sequence, : © ra 
® expanding and cooling to forma : 4 < 
e red giant, such as Aldebaran. : & 
ee " fe 
@ Fins @ @ THESUN f& © : These low-mass stars 
@ @ A $  : consume hydrogen 
i e e e e Ae i slowly. Comprising 
: @ ee (ali 80 per cent of the 
: ® ee @ e @  : stars in our galaxy, 
Pow hey will still be 
i2 hining long after 
For most of its life, a star : ) pe suri Des Cieds 
lies on a band called the | @ 
main sequence. The more i 2 4) 
massive a star, the higher : z < 
its luminosity. : = w e 


SURFACE TEMPERATURE (DEGREES KELVIN) 
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STAR LIFE 


AND DEATH 


All stars form in the same way from collapsing clouds of 
interstellar dust and gas, but once a star is born its 
evolution depends on its mass, which controls how the 


MASSIVE STAR 


star uses up its fuel. A star may last from 10 million to 
100 billion years. Stars like the Sun return much of their 
material back into space in their old age, seeding the 


next generation of stars. 


COLLAPSING CLOUD 
FRAGMENT 


MOLECULAR 
CLOUD 


Mass and lifespan 

The more massive the star, the 
faster it uses up its fuel and the 
shorter its life. The least massive 
stars have yet to reach their 
theoretical ends as black dwarfs, 
since their lifespans are longer 
than the age of the Universe. 
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SUNLIKE STAR 
PROTOSTAR MAIN-SEQUENCE 


STAR 


A star like the 
Sun takes about 
50 million years 

to reach its 
stable main- 
sequence stage. 


RED DWARF 


SUPERGIANT SUPERNOVA 


10 MILLION YEARS 


RED GIANT 


10 BILLION YEARS 


SHRINKING STAR 


100 BILLION YEARS 


PLANETARY NEBULA 


BLACK 


FADINGSTAR DWARF its days as a cold, inactive 


High-mass stars 
A massive star uses fuel 
quickly and shines brightly 
before growing to supergiant 
size. On exhausting its fuel, it 
explodes as a supernova, leaving 
behind a neutron star or, for the 
eo most massive, a black hole. 


NEUTRON 
STAR 


BLACK 
HOLE 


Medium-mass stars 
A Sunlike star shines for 
about 10 billion years, before 
expanding to a red giant. 
WHITE In its core, helium nuclei are 
DWARF converted to carbon. The outer 
layers are then ejected, leaving 
a hot white dwarf. 


Low-mass stars 
A red dwarf consumes its 
fuel slowly. Gravity gradually 
overcomes the outward pressure 
as hydrogen fusion 
subsides, leaving it to end 


black dwarf. 
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The largest molecular clouds can 
be up to 600 light-years across 
- 140 times further than the 


distance to our nearest star. 


86 | HOW STARS FORM 


08 eS 
wv oo EAS 
2 nr? Kea cc 
OO ERED \\ 
er xX 508 Ne we 
BO gare so 
aren o° x” »? pe 
* 2, ye? oe of xO we rs 
D ON oe ge 
0, yo x2" 
La a es 2 ‘ 4 
a. 
%, ‘¢ 
SS - 
ws pe 
aS ) 
3 he 
. De 
So. OY, 
~ A ao * 4%, 
Ww <e ae NOM, 
- Oe? cd ?. om 
6H wT ye FO 
x2 ee! Ee, e 
we? 3 oo oe et 
m pe oe oe oO 
& ON cee AN as 
oe So Se 
a J 2 
Oo 
AS Ras 
INS) eS z % 
GEE XO 
OF 6a, BH 
OCP OOS 
ie ce 000 PF gee 
ce 2 ae we 
N wee gow 
x 
x 
ox 
x 


STARBIRTH 


Stars are born from vast clouds of gas and dust, consisting 
mostly of molecules of hydrogen. A trigger event, such as the 
gravitational tug of a passing star or the shockwave from a 
nearby supernova explosion, increases the density in parts of 
the molecular cloud. When these clumps become dense and 
hot enough for nuclear fusion to occur, stars are born. 

As part of the same process, planets can form out of 

the disc of material rotating around the young star. 


HOW STARS FORM | 87 


Radiation emitted 


fs : “ The hot core is now a white 
Looking like planets in dwarf, emitting a powerful 


early telescopes, these stellar wind and intense 
clouds are ca lled ultraviolet (UV) radiation that 
heats the enriched hydrogen. 
planetary nebulae, but ee ee 
they have nothing to 
do with planets. 


Hydrogen 
envelope heats up . 


Hydrogen blown out 

As the star’s core collapses, its 
envelope of unused hydrogen gas 
overcomes the star’s gravity and 
quickly expands outwards. 


White 
dwarf 


ceceeeseees ssp coneenensedessecrena<c eee Collapsing core 


: Hydrogen shell 
: blows outwards 
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Thin shell forms 
Compressed by the stellar 
wind and ionized by radiation, 
a thin shell of gas starts to 
glow. The outer edge slows 
and frays into tentacles. 


EXPANDING 


GASEOUS 
TENTACLES 


GLOWING Sey, 


A shockwave forms where i 

the stellar wind catches up : 
with the hydrogen envelope; i 
knots form in areas resistant : 
to the shockwave. : 


SHELLS AND 
SHOCKWAVES 


When a red giant star reaches the end of its life, it ejects shells 
of gas and dust into space. Heated by radiation from the star’s 
hot core and compressed by shockwaves from its stellar wind of 
charged particles, these shells of hydrogen gas, enriched with 
other elements produced inside the parent star, glow in various 
colours. Known as planetary nebulae, these beautiful objects are 
short lived and, after a few thousand years, disperse into space. 
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AS PRESSURE 


i By the end of a 

? supergiant’s life, it is 

i consuming heavy elements 
i to produce iron in its core. 
i Outward pressure exerted 
? by hot gas is balanced by 

i gravity’s inward pull. 


DWINDLING FUEL 


FUSION STOPS 


: When the fuel for fusion 
: runs out, the outward 

: gas pressure is no longer 
? enough to balance the 

i pull of gravity. 
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: The core implodes in 

i less than a second, 

i unleashing a colossal 

: shockwave on the star’s 
i outer layers. As the core 
? collapses, a burst of 

? neutrinos is released. 


EXPLODING STARS 


Stars can end in spectacularly bright explosions called 
supernovae. Some result when a massive star’s core collapses 
suddenly after exhausting all its nuclear fuel. A supernova is 
also triggered when a white dwarf captures extra mass from 
a companion star or merges with another white dwarf. 
Briefly outshining an entire galaxy, a supernova usually 

fades within a few months. 
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STAR EXPLODES 


i The shockwave blasts 

i apart the star’s outer 

i layers, which expand as an 
: intensely bright cloud of 

i gas - a type II supernova. 

: The superdense remnant 

? of the core remains. 


A supernova can 
emit more light 
than several billion 
suns and outshine 
entire galaxies. 
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The powerful magnetic field : 

go? funnels electromagnetic : 
Ret, " radiation out in jets from : 

we i a the magnetic poles. : 


CRUSHED 
STARS 


When a star explodes as a supernova, the core 
collapses into an extremely hot, extremely dense 
object. If the star’s core has between 1.2 and 2.2 

times the mass of the Sun, the result is a neutron star 
with a temperature of up to 600,000°C (1,000,000° F) 
and a density approaching that of an atomic nucleus. 
Neutron stars are tiny - some only 10km (6 miles) 
across — and have such strong gravitational 
fields that electrons and protons are 
crushed together to form neutrons - 
hence their name. 
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The contraction of a large : 
mass to a small size means : 
neutron stars spin rapidly i 
(over 700 times per second : 
in some cases), producing a i 
magnetic field up toa million : 
times stronger than Earth’s. : 
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Space-time distortion 

With its large mass squashed 
into a small space, a neutron star 
has a strong gravitational effect. 
On a space-time grid (see pp.26- 
27), this produces a steep-sided 
dent called a gravity well. 


Gravity well 


Neutron star 
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COLLAPSING TO INFINITY 


If the remnant from a supernova explosion has more than about three 
times the mass of the Sun, it will collapse to form a stellar-mass black 
hole. Black holes are infinitely small and infinitely dense. Their gravity is 

so strong that no matter, or even light, can escape. Supermassive 

black holes, more than 100,000 times the mass of the 
Sun, are thought to lie at the centres of most 

Mg large galaxies, and they may play a role 

Vp in galaxy formation. 


PARTICLE JET 


ACCRETION DISC 


EVENT HORIZON 


Within a boundary called the 
event horizon, gravity is so 
strong that light and matter 
cannot escape; they can only 
fall in towards the black hole. 


Black holes and 
space-time 
Black holes distort space- 
time into an infinitely deep 
gravity well. All their mass is 
concentrated at a single 
point - a singularity. Nearby 
matter will be pulled into a 
whirling, hot accretion disc. 
Charged particles caught in 
the black hole’s strong 
magnetic field are ejected 
as a powerful jet. 


GRAVITY WELL 


@ SINGULARITY 
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CENTRE OF MASS 
Equal mass 
In a system of two stars on circular 


orbits, both orbit at the same 
distance from the balancing point 


between them (the centre of mass). 


Significant difference in mass 
In most binary systems, the stars 
follow elliptical orbits in which the 
centre of mass lies at one focus 
of both ellipses. 


-- 
@ 


Unequal mass 
If one of the stars in a binary 
system is more massive than the 
other, it will orbit closer to the 
pair’s centre of mass. 


Double binary 
In a double binary system, the 
centres of mass of two binary 
systems orbit around the common 
centre of mass of the four stars. 


COMPANION STARS 


Most stars are multiple stars - found in systems of two or 
more, bound together by gravity. A pair of stars is called a 
binary star, but some systems have as many as seven stars. If 
a large star is close enough to draw material from a smaller 
companion, the pair is called an interacting binary. 
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DIMMING AND 
BRIGHTENING 


Some stars change in brightness, following a 
cycle that can last from fractions of a second 
to several years. Others change unpredictably. 


In these variable stars, as they are known, the cf 
fluctuations may be due to physical changes oe ~ ae 
in the star that cause it to emit more or a tee 


less light (an intrinsic variable) or to 
external factors such as a companion 
star or orbiting planet blocking 

their light (an extrinsic variable). 

An exploding star such as 

a nova or supernova is a 
cataclysmic variable. 
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SIBLING STARS 


Stars that are born together stay together, at least initially, in 
groups called clusters. There are two main kinds of cluster: open 
and globular (see opposite). An open cluster is a loose group of 
stars formed from the same cloud of gas and dust. There may 
be a few hundred stars in the group: mostly young, hot blue 
stars less than a hundred million years old. There are over 2,000 
open clusters in the galactic disc of the Milky Way (see p.103). 


The dust cloud around : 

this cluster in Taurus isa : 
reflection nebula - it shines i 
by reflecting radiation from : 
the stars. Unusually, this is i 
not the stars’ parent nebula. : 
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Structure of an open cluster 
Open clusters are often found close to their parent 
clouds of gas and dust, but over a few hundred million 
years the stars move apart and the cluster disperses. 
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OMEGA CENTAURI + 7 +) 


The stars in Omega Centauri Ja 
have a greater range of ages +. 
than in most globular clusters, 

suggesting it may be the core DG 

of a dwarf galaxy captured & ‘ 
by the Milky Way. 
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Structure of a 

globular cluster 4 
The stars in a globular cluster 

are gravitationally bound to 7 Sf 
each other. They follow complex Mazal*e’ 
orbits within a spherical 
distribution that is more tightly gi 
packed towards the centre. ; 
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STAR CITIES 


Compared with open clusters, globular clusters contain more stars 
- up to several million - and the stars are older: typically 10 billion 
years, almost as old as the Universe itself. Globular clusters are 
some of the first parts of a galaxy to form, perhaps before the 
disc. New star formation has largely ceased, all the raw material 

in the initial gas cloud having been used up. The Milky Way has 

at least 150 globular clusters, mostly outside the disc, in the halo. 
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PLANETS AROUND 
OTHER STARS 


So far, over 4,000 planets have been found orbiting stars outside 
the Solar System, suggesting planet formation is relatively common. 
These extrasolar planets (exoplanets) range from gas giants twice 
the size of Jupiter to small, rocky, Mercury-sized worlds. Most are too 
distant to be directly observed from Earth. They have instead been 
detected by the effect they have on their parent star as they orbit it, 
such as causing the star to wobble or periodically dimming its light. 


Neptunelike \ Gas giant 


Similar in size to Neptune . The first exoplanets to be 
or Uranus, Neptunian \ found were gas giants like 
planets are likely to have \ Jupiter or Saturn, because 
atmospheres dominated | they have the strongest 
by hydrogen and helium, \ gravitational effects on 
and rocky cores. their parent stars. 


Super-Earth 
Planets that are larger 
than Earth, but smaller 
than Neptune, can be 
super-Earths if they are 

mostly rock or mini- 
Neptunes if they are 
mostly gas. 


Terrestrial 

A classic terrestrial planet 

is Earth-sized or smaller, 

composed mainly of rock, 
perhaps with an 
atmosphere or 

even oceans. 
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Hotter star 

The location of a star’s 
habitable zone depends 
on its temperature. If 

the Sun were hotter, there 
could be a habitable zone 
beyond Earth’s orbit. 


Sunlike star 

In the Solar System, Earth’s 
orbit lies comfortably within 
the Sun’s habitable zone, 
but Venus is too hot, and 
Mars is too cold. 


Cooler star 

If the Sun were cooler, 
Mercury and Venus might 
be habitable but Earth 
might join Mars in the 
zone too cold for life. 


A PLACE TO LIVE 


The search is now on for a second Earth - an exoplanet capable 
of supporting life. Such a planet would have to orbit within the 
habitable zone of its star, where it is warm enough for liquid water 
to exist but not so hot that all the water boils away. The 
atmospheres of planets in these zones will be examined for the 
presence of certain combinations of gases and the kind of chemical 
reactions that could be taking place, which might be signs of life. 
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ELLIPTICAL | 


featureless oval balls with 
“no structure and'contain 
mostly older. stars. They 
range in size from small 

dwarfs to giant ellipticals. 


~ CIGAR GALAXY 


IRREGULAR GALAXIES 


The smallest galaxies are irregular. But 
larger galaxies can also have irregular 
shapes following a collision or near-miss 
with another galaxy. Three examples of 
irregular galaxies are shown here. 


NGC 4449 Rtas 
LARGE MAGELLANIC CLOUD 
“There are at least 
Wear: of Galay lacs : 
Galaxies are classified by shape, but as ma ny galaxies In 
a galaxy’ s classification may change : our observable 
as it evolves. Small galaxies can un iverse as there are 


grow by colliding and merging, with 5 an 
structure: ‘emerging as the mass stars In our g alaxy. 


_ increases and the gravitational Sir-Martin Rees, cosmologist 
field becomes stronger. 
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LENTICULAR 
set eeeeceeeeceeceerecenees reeTIY: Cab Sp nad eat ge ER tis Coan t tay 
. Alenticular galaxy is shaped like. es 
~ an optical lens. Somelenticulars. 
~ may be spirals that have lost 
most of their gasand dust. 


SPIRAL 


Spiral galaxies have a dense 
nucleus of older stars, from 
which radiates a series of 
rotating arms of gas, dust, 
and newly formed stars. 


BARRED SPIRAL 


In a barred spiral galaxy, 

the central bulge is elongated, 
with two dominant spiral arms 
extending from each end of 
the bar. 


ISLANDS OF STARS 


A galaxy is a large collection of stars, gas, and dust held together 

by gravity. The Universe contains about 2 trillion galaxies, ranging 

in size from a few thousand to more than 100,000 light-years across. 
They are the only places where matter is packed together tightly 
enough for stars to form. The smallest galaxies contain a few million 
stars and the largest have trillions, all orbiting around the galaxy’s 
centre of mass. 
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CENTRE 


The central region is 
an elongated bulge 
densely packed with 
older reddish stars. 


A supermassive black 
hole lies in the centre. 


SPIRAL ARM 


? The galaxy’s spiral arms 

: are concentrations of 

? young stars and gas, 

i entwined with dark lanes 

: of dust. They are places of 
? active star formation. 
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oF YOUNG STAR, 


SOLAR SYSTEM 


THE SOLAR 
SYSTEM 


i The Sun and its planets lie 
: about 26,000 light-years 

: out from the centre of the 
: Milky Way in a minor spiral 
? arm called the Orion Spur. 


r “T 


“The Milky Way is nothing else 
but a mass of innumerable stars 


planted together in clusters.” 
L Galileo Galilei 


J 
OUR GALAXY 


The hazy band of starlight we see in the night sky is 
our galaxy viewed from within. The Milky Way is a barred 
spiral galaxy (see p.101) containing 100-400 billion stars. 

At its centre is an elongated bulge of old yellow stars, 
from which a number of spiral arms extend to form a 
thin disc of mostly young blue stars. All the galaxy’s 
gas, dust, and stars are held in orbit around its 
centre by gravitational attraction. 
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Side view 
F ; & : Adisc of stars, gas, and 
Surrounding our galaxy’s central bulge 22 » gas, 
: ; Q : dust extends from the 
and bar is a spherical halo of older stars. Vv: are! 
: j= ; bulge. It varies in thickness 
Many of these are packed into about Q | and is warped at the edges 
150 globular clusters, which contain 2 : after a collision with 
some of the galaxy’s oldest stars. © ! another, smaller galaxy. 
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QUASAR 


: If the dust ring is 

: tilted towards Earth, 
: we see the brilliant 

? light of the accretion 


i disc outshining the 
i surrounding galaxy. 


SEYFERT GALAXY 


BLAZAR 


: We look straight 

} down a blazar’s 

: radio jets into the 

? nucleus, making the 
; surrounding galaxy 
i hard to detect. 


x The dust ring hides The activity ina 
s : the bright accretion : Seyfert galaxy is 
& : disc, so from Earth : much weaker than in 
© : we see only the radio : a quasar, allowing a 
S i emissions from the ; clearer view of the 
@ : particle jets. ? surrounding galaxy. 
oct 
re) Cc 
E awed an 2 
\ G, xno " 
REM nor Ol 
U - ESN 
EX) ere mo ee Lo. 
: S ce Ww yy) 
es 2x00 esc 20 ced 
we va An) 92 \ae fe) 
pcv nv? ne rat : 9° eo, 
it ce) x08 oe yi? ox 
ey & ny SUS ex AY x “TAS 
yy ane Ba ee 
«ne ° £ot ww ine’ aay axe ot R - 
ate yo ne He eat 
cco yor nt 0. os oe 
pe ? xc 93) ee NO ee 
WN one 9 oN roe 
ac fe) oN AS ae 
2 a 9 ae 
ts \oe xO Ne fe) 
Ae) e x \e 
AS s 


104 | ACTIVE GALAXIES 


The heart of an active galaxy 
Some of the hot material in the disc is 
caught in the black hole’s powerful 
magnetic field and ejected as 

particle jets that emit radio 
waves and other radiation. 


All galaxies have 
the potential to 
become active, and 
there are signs that 
our own galaxy was 
active a few million 
years ago. 
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The Local Group 


The Local Group has at least 50 
members, mostly dwarf galaxies, 
some of which are gravitationally 

bound to the two largest members, 
the Milky Way and Andromeda. 


MILKY WAY 
Large Magellanic Cloud 
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Andromeda 


Triangulum 
Galaxy 


GALAXIES FORM GROUPS 


Drawn together by gravity, most galaxies are found in 
groups known as clusters, typically 5-15 million light-years 
across. The Milky Way belongs to a small, relatively young, 
sparse cluster known as the Local Group. As a cluster ages, 

its galaxies collide, merge, and grow larger, with giant 
elliptical galaxies emerging from a mix of different types of 
galaxy. Giant ellipticals are found densely packed around 
the centres of the oldest clusters. 
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Laniakea 

The blue lines on this 

map of our local supercluster 

show the directions in which its 
galaxies are moving. Laniakea means 
“immeasurable heaven” in Hawaiian. 
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CLUSTERS OF CLUSTERS 


Galaxy clusters are themselves parts of larger groups called 
superclusters. These are the largest structures in the Universe, 
arising from differences in the density of matter dating back to the 
earliest times in the Universe’s history. The Local Group is, along 
with the nearby Virgo Cluster, on the edge of the Laniakea 
Supercluster of about 100,000 galaxies. The clusters ina 
supercluster are gradually moving towards local concentrations 

of matter - in our case, a region known as the Great Attractor. 
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THE MACROSCOPIC 
UNIVERSE 


Although we can see structures ranging in scale from the 
Solar System up to galaxy clusters, when we expand our view to 
the Universe at larger scales, everything starts to look the same. 
The distribution of matter seems to be even (homogeneous) and the 
same in all directions (isotropic). This idea is called the cosmological 
principle. It naturally follows that the laws of physics that shape the 
Universe work in the same way everywhere and always have done. 


DISTANT DISTANT 
VIEW VIEW 


z 

° THE LOCAL UNIVERSE 
ee MMA) MEME Soci rhc erat Waren pene a arene ee on Shee 
= #. On this scale, structures 
z EARTH such as individual galaxies 


can be seen, but the distant 
view from Earth (above) is 
similar in all directions. 


GALAXY CLUSTERS 


At intermediate scales, 
galaxies are seen to be 
grouped into clusters -— 
structure is still evident. 


150 MILLION 


10 PER CENT OF THE 
OBSERVABLE UNIVERSE 


At the largest scales, 
the Universe has no 
discernible structure. 


1.5 BILLION 
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i Galaxies and enormous 

: clouds of hydrogen gas 

i form long, thin wall- and 
: sheetlike structures 

? between the voids. 


? Voids in the cosmic 

} web are vast, dark spaces 
i almost entirely empty of 
? both ordinary matter and 
? dark matter. 


VOIDS 
FILAMENTS 


THE COSMIC WEB 


The cosmological principle (see opposite) suggests that all parts 
of the Universe were once connected. It supports the theory that the 
Universe originated in the Big Bang and then expanded. The largest- 
scale structures we see today originate from energy fluctuations in the 
early Universe that have since spread out, leaving filaments of matter 
surrounding empty voids. This “cosmic web” has a foamy structure, 
with most galaxies found on the surfaces of the “bubbles”. 
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Objects in the Universe are dispersed across the three 
dimensions of space. But from our Earth-centred viewpoint, 
they appear as points or smudges of light fixed to the 
backdrop of the night sky. As Earth turns on its axis and 
orbits the Sun, the stars and other distant objects seem to 
be in constant cyclical motion. The planets appear against 
the same backdrop, although moving independently of the 
stars. If you know when to look and choose your observing 
spot carefully, you can see a lot with the naked eye - the 
Moon, several planets, meteor showers, plenty of stars and 
constellation patterns, and even a few galaxies. Binoculars 
or an affordable telescope will reveal extra levels of detail. 


THE SKY AS 
A SPHERE 


Because Earth spins on its axis, 
objects in our sky always seem to 
be moving. Additionally, because 
sky objects are all so far away, it 

is difficult to judge their distance 
from Earth relative to one another. 
These problems are well addressed 
by imagining the objects in our 
night sky fixed to the surface of 

a giant, glasslike sphere, all at the 
same distance, and with Earth at 
its centre. This model, known as 
the celestial sphere, helps us record 
the positions of celestial objects 
and make sense of our night sky. 
Most of the circular lines on the 
sphere are a projection of Earth’s 
system of latitude and longitude. 


FIXED STARS 


In this model, the stars are 
placed on the surface of the 
sphere, and all at the same 
distance from Earth. They are 
fixed relative to one another. 
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WHEN TO SEE STARS 


Obscured by the Sun’s glare, stars are invisible in the daytime 
sky. However, as the Sun sets, they gradually come into view, 
move across the sky, and then disappear in the morning (see 
opposite). Over a night, we see a constantly shifting portion 
of the celestial sphere (see pp.112-13). Our view also changes 
over a year as Earth orbits the Sun - different stars are visible 
at 10pm in December compared with 10pm in June. In a year, 


an observer at 


mid-latitudes, where most of us live, will see all 


of their own celestial hemisphere and part of the other. 


At midnight on the : 
equator, if you gaze : 
directly overhead, i 
you are looking in : 
the exact opposite i 
direction to the Sun. 


24:00 


AT DAWN 


Earth’s rotation means 
the Sun appears in the 
east at sunrise, while it 
sets in the west. 
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Unlike in the 
mid-latitudes, at 
the equator the 
Sun sets at roughly 
6pm year-round. 


AT SUNSET 


18:00 


AT MIDNIGHT 


06:00 
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Observer at 
the north pole 
At the north pole, an 
observer views the sky as if 
riding a carousel - the stars 
do not rise or set, but spin 
around at the same altitude. 


Observer at 
mid-latitude 
Over one night, stars rise in 
the east, cross the sky, then 
move down into the west. 
Some stars (circumpolar), 
however, are always visible. 


¢ \N THE 


x 


<*> The effect of Earth's 


rotation on an observer's 
view of the night sky varies 


ty 


Observer at 
the equator 
Here, stars rise vertically 
somewhere along the 
eastern horizon and move 
over the sky, before setting 
vertically in the west. 


O ®, 
13) 


according to their location. In the mid- 
latitudes, stars appear to follow an arc 
across the sky, always rising in the east and 
setting in the west. The arc’s route, however, 
depends on which hemisphere the observer is in. 
In the northern hemisphere, many stars appear 
to move up and reach a maximum height over 
the southern horizon, before descending and 
then setting. Conversely, in the southern 
hemisphere, many stars appear to rise 
towards a point above the 


northern horizon. 
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The orbits of : 
the planets all lie 
on or close to the : 

ecliptic plane. : 


ORBITS 
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we CELESTIAL SPER. 


This is a projection of i i It is helpful to imagine the 
Earth’s equator out : : ecliptic plane as if it is the 


into space and is tilted : z o VU _: flat top of a round table. 

to the ecliptic by 23.5 i 5 E E > i The ecliptic plane goes 

degrees, matching the i = z d < i through the celestial 
tilt of Earth’s axis. | O wi ui @ : sphere (see pp.112-13). 


THE ORBITAL PLANE 


The plane of Earth’s orbit around the Sun is called the ecliptic plane. 
The major planets and many smaller bodies orbit on or close to it. 
This dates from the birth of the Solar System, when a spinning cloud 
of gas formed a flat disc dotted with planets and other objects. 
Locating the ecliptic is the first step to spotting the planets. To do 
this, follow the path of the Sun over the course of one day. Another 
guide is the Moon, which is always within 5 degrees of the ecliptic. 
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Inferior orbit 
An inferior planet is most 


visible at its greatest PLANET 
eastern or western &. 
elongation. This means 
itis at its furthest from 
the Sun in the sky. SUN Greatest western 
elongation 
Greatest eastern S, 
elongation i ieee 
conjunction 
Angle of 2 
elongation 
EARTH 


WHEN TO SPOT PLANETS 


As planets orbit the Sun, their visibility from Earth changes. 
Mercury and Venus, called the inferior planets because they orbit 
closer to the Sun than Earth, are best seen at their maximum 
distances from the Sun in the sky. All other planets are most visible 
when directly opposite the Sun. No planet is visible when it 
passes behind the Sun as viewed from Earth. 


Superior orbit Ge ee 
Superior planets orbit conjunction 
further out from the 

Sun than Earth does. 

A superior planet is 

most visible when 


at opposition, when SUN 


Earth lies between it 


and the Sun. 
EARTH 
Opposition 
Rae seer eet aec recs strescensteaertwestneesteseseottenn. rotate e 
PLANET 
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WINDOW VIEW 


To get the most out of stargazing, it pays to choose your observing 
site carefully. Look for an outdoor spot away from buildings, with their 
artificial light and warm air currents, which can blur images. If you are 
using binoculars or a telescope on a tripod, place it on solid ground to 
stop small vibrations from shaking the image. It can take half an hour 
or more for your eyes to fully adapt to the dark. As the air is often cold 
under clear skies, you might also need warm clothes. 
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EXCELLENT. 


DARK: SKY eS RURAL]. 
SITE ‘ . e SUBURBAN’. 
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DARK-SKY 
SITE 
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city / ane 
SUBURBAN Sey 
TRANSITION 


LOST IN THE LIGHT 


More than half of all people in the world 
live in urban areas, meaning light 
pollution is a problem for many 
stargazers, as it reduces the number of 
stars that can be seen in the night sky. 
This problem is at its worst in large cities, 
where a vast array of lighting, along with 
industrial pollution, can cause the night The Bortle scale 
bytotalk | Ext | First published in 2001, the 
any CO TRS San Ora vos = reiiely Bortle scale attempts to classify 
heavy light pollution can even result inno the darkness of a viewin 
g 

stars being visible. In areas with near-zero aaeeaneH 4 er ae 

: ; : sites onEarth - to 9 - the most 
light pollution, however, sky objects are 


light-polluted of all skies, as 
numerous and fully visible. found in most cities. 
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COMPARING = 4 sin 
Oo Venus is often the 
ee -3 brightest of all planets 

BRIGHTNESS meh 

a2 
SIRIUS 
: Shy bas IB Ss dover a acre ae ha Sap acepelac yea. 
In astronomy, the term magnitude The brightest star in 
is used to mean brightness. The e Sout Shy Sills ae 
: eae a magnitude of -1.47. 

magnitude of a star as we see it is 41 

the result of a combination of its re) 

true brightness and how far away - 

it is from Earth. As a result, the 

- és i +4 

magnitude of stars is defined in two 

distinct ways: apparent magnitude, re rene 

which refers to how bright a star RG eeeeeetetsetessesseeseceenessesteseesesneseeneaeneane 

This is the faintest 

appears from Earth; and absolute 7 star that can be seen 

magnitude, which indicates a star’s pete naken eye: 
é 5 +8 

brightness from a set distance. On BINOCULARS 

both types of magnitude scale, the GNI ne ar a a 

smaller the number, the brighter +10 you tor ee sk yobiects 


up to this magnitude. 


the object, and the larger the ree 


number, the fainter the object. SMALL TELESCOPE 


Here, away from light 
+13 pollution, faint stars 
can still be seen. 


+14 
LARGE TELESCOPE 
EME  Leseosiecerrpuaacsmiectocstesssorutncastenetears star enn ite 
At this level, larger 
+16 telescopes allow you 
to see Pluto and 
+17 faint galaxies. 


Apparent magnitude scale 
The very brightest of stars have +18 
negative magnitude values. Each 
step in the scale represents an 
increase or decrease in brightness +20 
of 2.5 times. For comparison, this 
visual magnitude scale includes 
Venus, which often appears much 
brighter than any star. 


Long exposures on big 
+21 telescopes reveal the 
dimmest sky objects. 


SKY SURVEY PHOTOGRAPHS 


FAINT 
a 
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The window displays the stars : 
above the horizon. The stars : 
on view depend on the base i 
map and on the shape of the : 

oval window, which is specific i 

to a particular latitude. : 


: A planisphere has two 
: discs. One uses time 

i markers, and the other, 
: date markers. When 

i the discs align, stars on 
: view at a specific time 

: and place are shown. 


WINDOW 


DATE AND TIME 


OH 4 


4 

2H Planisphere Ban 
This light, handheld device is 

: made up of two discs — a base 

: layer star map and a transparent 

window on a rotatable overlay. 


For thousands of years, observers of the night sky have been producing 
star charts. The purpose of these maps varied — from helping the 
observer identify the time of year to forming the foundation for 

mythological stories. From ancient times to the modern day, most 
star charts use bigger dots to depict brighter stars. This is an easy way 
to visualize the brightness of stars but not a direct representation of 
their scale, as all stars are same-sized single points in the night sky. 
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In this journey, it is 
helpful to remember 
that the distance 
from Dubhe to 
Polaris is five times 
the distance from 
Merak to Dubhe. 


HOP ACROSS 


THE 
PLOUGH 


Finding your way 

For observers in northern 
mid-latitudes, one of the 
most widely used signposts 
is the bright seven-star 
asterism known as the 
Plough or the Big Dipper. 


Starting at Merak, i 
draw an imaginary : 
line through Dubhe. : 
Follow this path until : 
you reach Polaris. H 
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JOINING DOTS 
IN THE SKY 


Navigating the vast network of constellations in the night 
sky might seem like a daunting task. A technique called 
starhopping, however, makes it much easier. Starhopping is 
the process of using brighter stars as signposts in order to find 
other stars located in different constellations. It involves tracing 
lines between stars in one star pattern in order to hop over 
to other stars in a different star pattern. 
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: The aperture controls how much 
? light can enter. This telescope 

: has an aperture of 100mm 
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Roof prism Porro prism 
There are two main binocular With their off-set prisms, these 


designs. Roof prisms are lighter and classic binoculars are heavier and 


more compact, but the complex larger than the roof prism style. 
light path results in narrower fields However, they have a wider field 
of view and less bright images. of view and better image clarity. 
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CHOOSING BINOCULARS 


Using binoculars enhances many observations of the night sky. When 
choosing binoculars for astronomy, it is worth remembering that larger 
lenses will let in more light. However, larger styles are usually heavier 
and can be uncomfortable to hold for long periods. Many beginners 
choose 10x50 binoculars, which means they have a magnification 
of 10x and objective lenses with a 50mm (2 in) aperture. 
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STAYING FOCUSED 


When using binoculars, first find a comfortable position. Holding 
binoculars for a long time can lead to aches in the neck and arms, 
but this can be counteracted by resting your elbows on a surface, 
sitting in a deckchair, or using a tripod. The two dials used to focus 
binoculars efficiently are the centre focus wheel and the diopter ring. 
The centre focus wheel modifies the focus of the binoculars for both 
eyes, while the latter corrects any differences between the eyes. 


EYEPIECE 
: : DIOPTER RING 


This is adjusted to offset 
focusing differences 
between the user’s eyes. 


CENTRE 
FOCUS WHEEL 


Once the focus 

of the binoculars 
has been set up, 
including the use 
of the diopter ring, 
this is the only dial 
you will need to 
turn to get crisp 
views of the sky. 


VAN AAAS 
WAVY atl! 


AK 


FOCUSING SCREW 
MECHANISM 
SS ALALALS 
VUAAAAAAA 


How to use binoculars 

To focus your binoculars, start by 
closing the eye close to the diopter 
ring before using the centre wheel 
to focus. Then swap to the other eye 
and focus it by turning the diopter ring. 


OBJECTIVE 
LENS 


LIGHT é 
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LATIONS 


The human eye looks for patterns. The first constellations 
were groupings of stars that ancient peoples used for 
navigation, timekeeping, or storytelling. Astronomers today 
use a formal system in which constellations are areas of the 
sky that join up without gaps like the countries on a map of 
Earth. Constellations may no longer serve some of their 
original purposes. But many of the ancient names remain 

in the modern system, and the old patterns are still drawn 
on star charts, linking us to the astronomers of the past. 
Constellations are also a useful means of dividing the sky 
into easily recognizable sections, which can be used to 
identify the locations of stars and other celestial objects. 


A piece of a sphere 

The 88 constellations are 
bounded by horizontal or 
vertical lines that interlock like 
pieces of a 3D jigsaw to cover 
the surface of the celestial 
sphere (see pp.112-13). 
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LION IN THE SKY 


The pattern of stars in the constellation 
Leo represents the crouching figure of a 
lion killed by the Greek hero Hercules. 


MAPPING THE SKY 


“Constellation” comes from a Latin word meaning “group of 
stars”, but in modern astronomy a constellation is an area 
of sky. Each such area includes two or more stars linked by 

imaginary lines to depict a shape, such as a mythical figure or 
an animal. Some of these patterns are so faint that finding 

them can be an adventure, but many are easily recognized by 
their bright stars. As Earth orbits the Sun, the constellations 
slowly move, so there is always something different to see. 


130 | WHAT IS A CONSTELLATION? 


Charting the constellations 
Most star charts include the 
constellations. As well as the stars 
in its main pattern, a constellation 
also incudes other stars and objects 
such as nebulae and galaxies. 


A few constellations also : 
contain smaller patterns 
called asterisms. In Leo, 
six stars form an asterism 
called the Sickle 
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PATTERNS IN THE SKY 


Most of the constellations we know today date from early 
recorded history and were invented by the Babylonians and 
the ancient Greeks. In 1922, a final list of 88 was formally 
codified by the International Astronomical Union (IAU). All 
are shown below, roughly in order from north to south. 
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CORONA 
AUSTRALIS 


TUCANA 


DORADO 


e 
CIRCINUS 


TELESCOPIUM 


HYDRUS 


VOLANS 


e 
OCTANS 


THE NORTHERN SKY 


Most stars appear to move slowly around the sky at night. 
One star, however, sitting in Ursa Minor close to the north 
celestial pole, is near-motionless. This is Polaris, the North Star. 
It has been used by navigators to find north for centuries. 
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: Celestial 
? equator 


THE SOUTHERN SKY 


In the southern hemisphere, near the south celestial pole, 
there is no bright star like Polaris to use as an easy navigational 
aid. However, the southern sky features the brightest 
constellations and the most brilliant sections of the Milky Way. 
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Dubhe is the westernmost : 
star in the Plough asterism, : 
which stretches east to Alkaid. : 


M101, or the Pinwheel 
Galaxy, is thought 

to be home to more 
than one trillion stars. 


double star, were used : 
to test eyesight. : 
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ALCOR C 
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i 5 MEGREZ 
‘b THE PLOUGH 
: M108 
Early Arabic literature : PHECDA MERAK 
suggests that Mizar : SO, : B 
and Alcor, a famous : M109 Y i e 
:M97 


i M97 is also known as 
} the Owl Nebula due 
: to its two large dark 
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M82, or the Cigar 
Galaxy, hosts prolific 
stafburst activity 

due to gravitational 
interactions with M81. 


® 
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MUSCIDA 


Muscida is around 180 
light-years from Earth, 
with a radius 14 times 

greater than the Sun’s. 


The northern bear 
The bear in the sky 
stretches from Alkaid (n), 


its tail, through Phecda (vy), 


Merak (8), and Dubhe (a), 
to Muscida (o), its head. 


THE GREAT 
BEAR 


Ursa Major is the third largest 
constellation in the night sky. 
Covering a vast area of the 
northern skies, its most 
recognizable star group, or 
asterism, is known as the 
Plough, or the Big Dipper. 
Ursa Major features in many 
distinct mythologies, such 

as those of ancient Greece, 
China, and North America. 
The constellation is also 
referred to both in the Old 
Testament of the Bible 

and in Homer’s Iliad. 
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STARHOPPING FROM 
THE PLOUGH 


Continue the same i 
arc that led to : 
Arcturus to reach i 
Spica, the bluish : 
main star of Virgo. : 


TO VIRGO 


Navigating the sheer number of stars in the sky is 
made easier when you start from easy-to-spot star 
groups. These act as signposts to other stars. In the 
northern hemisphere, one such starting point is the 
Plough. This asterism includes several bright stars in 
a recognizable pattern and is always visible at night. 
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TO BOOTES 
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yw 
int 


BOOTES 


? Chart a curved line 

? between Alioth, Mizar, 
i and Alkaid. Follow this 

? path until you see the 

: golden hue of Arcturus. 


itl 


ee | 


CPRLEE EEE Ea 


REGULUS 


ALKAID 


URSA MINOR 


MIZAR 


START AT 


THE PLOUGH 
(IN URSA MAJOR) 


ALIOTH 


POLARIS © 


Draw aline : 
from Merak to : 
Dubhe. Follow : 

it until you : 

see Polaris, : 
the north : 
polar star. : 


MEGREZ 


PHECDA 


TO URSA MINOR 


Imagine a line from Megrez 
to Phecda, and follow 

it out of Ursa Major. Soon 
you will hit Regulus, 

Leo’s bright main star. 
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DENEB 
KEY DATA \ 


Fully visible: 90°N-29°S 
Brightest star: Deneb (a) 
Highest in sky at 10pm: P ‘2S 
August-September 
€ ALBIREO 


In flight at night 

Cygnus, the swan, stretches from 
Deneb (a), at its tail, to Albireo (8), 
at its head. Between the two, on 
both sides, stretch the swan’s wings. 


THE SWAN 


As well as depicting a swan in flight across the Milky Way, 
the main stars in Cygnus also form an asterism called 
the Northern Cross. With low light pollution, binoculars 
will reveal a myriad of star clusters and clouds of gas and 
dust. Cygnus is significant in the mythological traditions 
of ancient Greece, ancient Rome, China, and several 
Polynesian islands. Notable objects within the constellation 
include Cygnus X-1, the first recorded black hole; the 
Cygnus Loop, a remnant of a 10,000-year-old supernova; 
and NGC 700, the North America Nebula. 
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Situated at least : 

1,500 light-years away, : 
Deneb is the most i 
distant first-magnitude : 
star in our night sky. : 


M39 ® 
&  DENEB 
NGC 
700 
SADR 
M29 Y 
e 
€ 
ALJANAH 
GC . 
ahs fad 
6992 i 
i} NGC 6992 and 6960 
NGC 700 is also named the i : are sections of the Veil 
North America Nebula, for : ? Nebula, the visible parts 
the continent it resembles. : —: of the Cygnus Loop. 


: NGC 6826, or the Blinking 
Planetary, becomes visible 
: in a small telescope only 
when its bright central star 
H is not observed directly. 


e 
K 
17 
NGC 
6826 
3 
FAWARIS 
@ 
CYGA 
CYG X-1 
ALBIREO 


B 


Albireo is a brilliant : 
double star easily : 
visible by telescope. : 
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s : Draw a line from Markab Jump from Algenib : 
rae to Alpheratz. Continue to Alpheratz. Follow : 
a i out of Andromeda until this path onwards : 
5 : you see Mirphak in Perseus. until you see Caph. : 
mae 


TO CASSIOPEIA 


CASSIOPEIA 


PERSEUS 


: Trace aline from 
? Scheat to Alpheratz. 

? Continue on this path 

: until you arrive at Hamal, 
+ the brightest star in Aries. ALGENIB 


TO ARIES 
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STARHOPPING FROM THE 
SQUARE OF PEGASUS 


From September to November, the night sky contains 
a simple four-star shape useful for hopping to several 
constellations. Unlike other popular starting points, 
the Square of Pegasus is not made up of bright stars. 
It is still recognizable, however, as the main point 

of interest in a somewhat starless region. Alpheratz, 
the bluish star at the top left of the asterism, is the 
main star in the nearby constellation Andromeda, 
making it an easy-to-find starting point. 


CYGNUS 


ALBIREO 


i From Scheat, jump 
: to Matar. Continue 
i in this direction until 
: you reach Sadr - the 
? heart of the swan. 


\S 
SS 
MATAR 
OS 


TO CYGNUS 


START AT THE 
SQUARE OF PEGASUS 
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ELNATH M1, or the : 
Crab Nebula, is a : 


ZETA supernova remnant : 
TAURI discovered by English : 
astronomer John : 
Bevis in 1731. : 

ALDEBARAN ; ELNATH 


s 


Great bull of heaven 

Only the front half of the bull is shown 
in Taurus. Zeta Tauri (¢) and Elnath (g) 
mark the tips of the bull’s horns, and 
Aldebaran (a) its eye. Below, other stars 
make up its front legs and torso. 


THE RAGING BULL 


a binary star, : 
; : : is roughly 440 : 
Situated in the northern sky, the constellation light-years away. : 


Taurus has been identified with bull myths across 
many ancient civilizations. From 4000 BcE, the 
sight of the Sun rising through Taurus marked 
the arrival of the spring equinox in Mesopotamia. 
Taurus also contains the Hyades, a well-studied 
star cluster some 153 light-years away. Several of 
its stars are in the process of evolving into giant 
stars. Like the Hyades, the nearby Pleiades cluster 
is also visible to the naked eye. 
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The Pleiades, or the : A 4% 
. . Ks < 
Seven Sisters, is made up : ° >) 
of more than 1,000 stars. : = « 
Up to seven, however, are : 
visible to the naked eye. : 


NGC 
1746 ae 
v 
37 
NGC 1647 Se 
& 
HYADES 
Qa Pererrrrrrerer errr rire rire rier tr erties 
ALDEBARAN 
t) 
47 
p 
Although Aldebaran i In this triple sta 
seems to belong to : system, the two 
the Hyades, the : main stars also 
two are in fact 88 : form an eclipsing : 
light-years apart. : binary pair. : 


KEY DATA 
Fully visible: 90°N-58°S 
Brightest star: 
Aldebaran (a) 
Highest in sky at 10pm: 
December-January 


PLEIADES 

The Hyades is 
just 153 light-years 
away, making it our 
nearest open cluster. 

xf 5 

; LAMBDA 
TAURI 
g 
fe) 
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When Betelgeuse : r 
explodes, it will release : ey have seen the great 

more energy than the Sun : , ‘ 

will produce in its lifetime. Orion... that large-limbed 


warrior of the skies...” 


L William C. Bryant _Jj 


: Blue-white giant Bellatrix 
: derives its name from the 
: Latin for “female warrior”. 


In good conditions, 
M42, or the Orion 
Nebula, is visible 
as a misty patch Sak cded aeaehenneenaaees 
in the night sky. Rigel, the brightest star 
in Orion, is about 860 
light-years from Earth. 


seeeeee. sees 
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Belted warrior 


ye Betelgeuse (a) and Bellatrix 
/ 


if, (y) mark Orion's shoulders. 
/ Below his belt lie Saiph (x), 
which marks his knee, and 


iN Rigel (8), his foot. 
BETELGEUSE / BELLATRIX | 


MINTAKA NHE 
R M, 
ALNILAI art Sag 
ALNITAK oo & 
= « 
ss 


RIGEL 


cra yo 


KEY DATA 
Fully visible: 79°N-67°S 
Brightest star: Rigel (8) 
Highest in sky at 10pm: 
December-January 


THE HUNTER 


With more bright stars than any other constellation, Orion 
is the centrepiece of the night sky from January through to 
March. Its brightest stars are Betelgeuse, with its glowing 
red hue, and the blue supergiant Rigel. Other notable 
features of the Hunter’s pattern include Orion's Belt, 

a three-star asterism, and Orion's Sword, which hangs 
from his belt and includes M42, or the Orion Nebula, 
itself filled with hundreds of young stars. 
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STARHOPPING 
FROM ORION 


The brilliant constellation Orion is a From Bellatrix, ; 2 & 
F F follow the path : oS z 

strong choice for a base from which through Betelgeuse | 9 = 

to starhop around the winter skies. It until you reach the ? 


: : : leaming P’ ae 
is easily seen above the southern horizon ip amar 


in the northern hemisphere and the 
northern horizon in the southern i 
hemisphere. Orion’s varied geometric PROCYON @———-@ 
configurations allow for star hops 
to many nearby bright stars and 
their associated constellations. 


Draw a line through : 
Orion’s Belt and out i 
from the side on which : 


The Milky Way Betelgeuse lies. You : 
runs from Canis can’t miss Sirius - the : 

5 S brightest star in 
Major to Auriga, the night sky. : 
passing the left 


side of Orion. 


TO CANIS MAJOR 


ced sss sasuincegrnagneccreT TE 
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CASTOR 


TO GEMINI 


Jump from the brilliant 
blue Rigel to Betelgeuse. 
Continue for twice the 
distance already covered 
until you spot Castor. 


POLLUX 


CAPELLA 


VOpURULAUA CSU ENU UA ETE DEA LETTE 


“ 


SS 
~ 

AS 
GEMINI AURIGA SS 


EID 
: Ss 
oS 
LS 
eS) 
= 
SY 
Ss 
St f 
 S . west? : 
RS Br art ? Starting at 
SS ELNATH : Betelgeuse, 
~ * ki 
Ss : drawa line past 
S& 
SS 


: the tips of Taurus’s 
? horns. Continue 

? until you reach 

? Capella, Auriga’s 

i brightest star. 


TO AURIGA 


Y) 
MN, 
My, 
My, 
Uj, 
My, 
7) 
f 
Uy 
Uy 
My, 
MN 
1; 
thy, 
by, 
My, 
if 


a oN 
BETELGEUSE  _ 


ALDEBARAN 


Rone i 


\ 
«an 


TAURUS 


ORION’S 
BELT 


AAMT 


AT ORION 


RIGEL 


i From Orion’s Belt, draw a 

? straight line passing above 
i Orion’s Shield. Continue 

: until you reach Aldebaran, 
? the red eye of the bull. 


TO TAURUS 
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THE ARCHER 


Since as early as the 11th century BcE, the constellation 
pattern of Sagittarius has been identified with a centaur 
figure (half-man, half-horse) drawing a bow. Looking up 
at the centaur means gazing into the very centre of the 
Milky Way, which is also the location of the supermassive 
black hole Sagittarius A* (SGR A*). This glowing stretch 

of sky is strewn with dark and bright nebulae, globular 
clusters, and open star clusters. In the centre, eight bright 
stars form an asterism known as the Teapot, the handle 
of which is sometimes referred to as the Milk Dipper. 


The bright clouds of M8, or the 
Lagoon Nebula, extend for three 
times the width of a full Moon. 


 s 
Bs! 
a fe 
Armed centaur Cas. \ NUNKI ; 
Kaus Australis (c) is found 2. ae oe 
— 
in the Archer’s bow, drawn | ASCELLA ~~ 
back by his hand, where | t 
Nunki (c) is located. Just KAUS AUSTRALIS ~ ~e—x 
below, in the Archer's | 
torso, lies Ascella (¢). e 
Rukbat (a) and Arkab Oa RUEAT 
(g'), meanwhile, form BS 
one of his front legs. ») ARKAB 
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: NGC 6818, or the Little Gem 
? Nebula, is a planetary nebula 


i about 6,000 light-years away. 


i NGC 6818 


NGC 6822 re 
pt NGC 
6716 Y 
43 
e eS é. i M25 _— 
. G 
M75 1 
M22 
e Hy  ) 
S = NUNKI b N 
eg ¢ 
@ “a 
TEAPOT 
°° 62 
ASCELLA i 
MILK : : gees 
DIPPER 
M55 
M70 
: € 
? NGC 
6" : 6723 
e Nunki is the second 
: brightest star 
RUKBAT : in Sagittarius. 
a 
i 
U 
p" 
ARKAB 


M17, or the Omega : 
Nebula, earns its name : 
from its resemblance i 
to the Greek letter. : 


i Ascella is a triple star 
system that forms part of 
: the Milk Dipper asterism. 


This supermassive : 
black hole has a mass : 
equivalent to around 

4 million Suns. 


M18 ; 
M23: 
M21 M20 
M28 
MB : 
e : 
AS 3 
° 
Pas me 
si SGR A* 
¥ 
KAUS 
AUSTRALIS 
e! 
ae Ess 
< % 
< % 
ss ys 
KEY DATA 


Fully visible: 44°N-90°S 

Brightest star: Epsilon (e) 

Highest in sky at 10pm: 
July-August 
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Draw a line from Delta : 
Crucis through Mimosa and 3 
onwards. Soon you will see i 
Hadar, and then Rigil i 
Kentaurus, the two main : 
stars of Centaurus. : 


RDHAUN 


START cama 
AT CRUX  <ruCis 


MIMOSA 


TO CENTAURUS 


: DELTA 
RIGIL : recs 


KENTAURUS 


TRIANGULUM = 
AUSTRALE = 


a 
zs 


ALPHA TO TRIANGULUM 


TRIANGULI AUSTRALE 
AUSTRALIS) © <2... cs00 nso iat ers Raia tec ee 


S 
a 

= 

~ 

ie 

= 

: Z 

Extend a line from Al S 

= 
Birdhaun through Rigil ZS 
2 
Kentaurus and onwards S 
< 
until you reach Alpha SB 
a 
Z 
S 
Ss 
Zz 
Ss 
Ss 
S 
ZS 
S 
SE 
Zz 
s 
Ss 
Zz 


Trianguli Australis. 


TO OCTANS AND THE Ze v 
SOUTH CELESTIAL POLE <q 

ean e eee a ewes eeee cease eee a eee nesses ee ene nesses ee esas ees eee esseseeseeeeeeseeeeseeeseeeseeEssDseesessbasbeemessscucessecsessees ( } 
Between Hadar and Rigil Kentaurus, SOUTH 
draw a line at a right angle. From CELESTIAL 
Gamma Crucis, draw a line through POLE 


Acrux. These two lines meet at the 


southern pole. OCTANS 
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= a : Starting at Hadar, draw  : Find Delta Velorum, 
F 9? aline through Acrux and & : the other end of the 
° U } extend it to lota Carinae. x : False Cross’s “beam”. 
a } This is one of four bright ° : Then curve up past 
< : stars in an asterism called : Regor to reach Puppis. 


: the False Cross. 


PUPPIS 


VELA 


KAPPA 
VELORUM 


Uli : 
CMON NGA 


1OTA 
CARINAE 


FALSE CROSS 


EPSILON 
CARINAE 


STARHOPPING 
FROM CRUX 


In the southern hemisphere, Crux, much like the Plough 
in the north, is easily visible throughout the year, even 
for those observing from areas burdened with heavy 
light pollution. The smallest constellation in our skies, 
Crux is an invaluable signpost towards several other 
constellations - and even the south celestial pole. 
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INDEX 


Page numbers in bold refer to main entries. 


A 


absolute magnitude 120 
absorption spectrum 18, 19 
accretion discs 86-87, 93 
active galaxies 13, 
104-105 
airbursts (meteors) 76 
Albireo 143 
Aldebaran 146, 147, 151 
Alpheratz 144, 145 
Andromeda 144, 145 
Andromeda Galaxy 11, 
106 
aperture 123, 124 
apparent magnitude 120 
Arcturus 140 
artificial light 118, 119 
Ascella 152, 153 
asterisms 122, 131, 140, 
142, 152 
Asteroid Belt 35, 54-55, 71, 
72,75 
asteroids 12, 45, 54-55, 77 
astronomical units (AU) 35 
atmosphere 
Earth 42-43 
habitable zones 99 
Jupiter 57 
Mars 50-51 
meteoroids 76, 77 
Neptune 67 
Pluto 69 
Saturn 60, 61 
Titan 64 
Uranus 66 
Venus 40, 41 
atoms 9, 15, 21 
axis of rotation 60, 112 
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barred spiral galaxies 101, 


102-103 


: Bellatrix 148, 149, 150 

: Betelgeuse 148, 149, 151 

: Big Bang 20-21, 22, 31, 109 
: Big Dipper 122, 139 

: binary stars 94 

: binoculars 111, 118, 120 


aperture and 
magnification 123 


: choosing and using 124-25 
: black dwarfs 84, 85 
: black holes 13, 85, 93 


at centres of galaxies 79, 
102, 104-105 
collisions 28 


blazars 104 
: Blinking Planetary Nebula 


(NGC 6826) 143 


: blue shift 13, 19 

: Bortle scale 119 

: bosons 14 

? bow shocks 73, 74 


[ 


: Callisto 59 

i Caloris Basin (Mercury) 38 

: Canis Major 150 

: Capella 151 

i captured rotation (Moon) 46 
: Cassini Division 61, 62 

: Castor 151 

: catadioptric telescopes 128, 


129 


: celestial equator 113, 116 
: celestial sphere 112-13, 114, ; 


116, 130 


: centre of mass 28, 29, 


94, 101 


i Cepheid variables 95 

? Ceres 55, 71 

i chaos terrain (Mars) 51 
? Charon 68 

? chromosphere 37 

i circumpolar stars 115 
i clouds 


Mars 50 
Saturn 61 
Titan 64 
Venus 40, 41 


? CNO cycle 81 

i comas (comets) 74 

? comets 12, 70, 72, 74-75, 77 
? composite particles 14 

: constellations 129, 130-31, 


132-55 


: convection 80 
: convective zone 36 
: core 


collapsing (stars) 88, 90, 
92 

giant planets 56, 60, 66, 
67 

Moon 44 

Pluto 69 

rocky planets 39, 40, 42, 
51 

stars 80, 81, 86 

Sun 36 


Cosmic Dark Age 22 
? cosmic web 109 
? cosmological principle 108, 


109 


Crab Nebula 146 
i crust 


Moon 44 
Pluto 69 


crust continued 
rocky planets 38, 42, 51, 
52,53 
Crux 154-55 
cryovolcanoes (Pluto) 68 
Cygnus 142-43 


D 


dark energy 24, 30, 31 
dark matter 12, 22, 23,30 
Deimos 50 

Deneb 142, 143 
diamonds (Neptune) 67 
distance in space 25 
Dubhe 122, 138, 139, 141 


86 
dwarf galaxies 23, 100, 106 
dwarf planets 55, 68-69, 70, 
71 


Earth 35, 42-43 
eclipses 48-49 
Moon’s orbit 46 
rotation of 114, 115 
volcanoes 53 
eclipses 48-9 
ecliptic plane 113, 116 
Einstein, Albert 26, 28 
electrical charge 15 
electromagnetic spectrum 
16-17 
electrons 14, 15, 20 
elementary particles 14, 20 
elliptical galaxies 13, 100, 
106 
Enceladus 65 
Encke Gap 63 
energy 
Big Bang 20 
and distortion of 
space-time 26 
solar 33, 34, 36 
stars 80, 81 


? equator (observation from) 


114, 115 


: Eris 70, 71 

i Eros 54 

i Europa 59 

event horizons 93 

? exoplanets 98-99 

i expanding space 24, 25 

: eyepieces (telescopes) 123 


F 


: False Cross 155 

i fermions 14 

i filaments 109 

: focus (optical instruments) 
dust (interstellar) 12, 73, 84, i 
: frequency 16 


G 


galactic discs 103 
: galaxies 11, 13, 100-101, 


125-27 


131 
active 104-105 
collisions 79, 100, 106 
first 22-23 
formation of 93 
Milky Way 102-103 


galaxy clusters 13, 24, 79, 


106-107, 108 


: galaxy superclusters 13, 79, 


107 


: Galilean moons 58, 59 : 
: Galilei, Galileo 40, 55, 59, 103 

i gamma rays 16, 17, 81 : 
? Ganymede 59 

i gas giants 56-65, 98 

i gas (interstellar) 12, 73, 84, 


86 


: giant planets 12, 35, 56-67 
: globular clusters 97, 103 

: gluons 14 

: gravitational attraction 27, 


44, 58, 61, 62 


gravitational fields 92, 100 
: gravitational waves 28 


i gravity 11, 12, 26-27, 29, 44 


black holes 93 

and dark energy 31 
and dark matter 30 
galaxies 101, 103, 106 
and matter 30, 31 
Solar System 11, 37 
stars 80, 85, 88, 90, 94 


i gravity wells 92, 93 

i Great Attractor 107 

? Great Red Spot (Jupiter) 56 
i greenhouse effect (Venus) 40 


: habitable zones 99 

: Hadar 154 

: hadrons 14 

: Halley (comet) 75 

i haloes (dark matter) 30 
? Haumea 70, 71 

: heat transfer 80 

: heliopause 73 

: heliosphere 73 

: helium 22, 81 

: Higgs bosons 14 

: Hyades 146, 147 

? Hyakutake 75 

? hydrocarbons 64 

: hydrogen 22, 37, 81, 88 
Hygiea 55 


ice 
on Mars 52 
Saturn’s rings 62-63 


: ice giants 66-67 

? Ida 55 

i impact craters 38, 39, 45 

: inferior planets 117 

: inflation 20, 31 

: infrared radiation 16 

: International Astronomical 


Union (IAU) 68, 71, 132 


: interstellar clouds 86 
: interstellar medium 12, 73 
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lo 59 

ions 15 

irregular galaxies 13, 100 
Itokawa 54 


JK 


Jupiter 35, 56-57, 61 
moons 58-59 

Kaus Australis 152 

Kepler, Johannes 29 

Kuiper Belt 10, 35, 70, 72 
comets 70, 74, 75 
dwarf planets 70, 71 


L 


Lagoon Nebula (M8) 152 
Laniakea Supercluster 11, 107 
Large Magellanic Cloud 100, 
106 
latitude and longitude 
(celestial) 112 
lenticular galaxies 101 
Leo 130, 131 
life 
on Earth 42 
extraterrestrial 50, 64, 99 
light 
aperture 123 
red and blue shift 19 
spectroscopy 18 
speed of 16, 25, 37 
light pollution 119, 142 
light-years 10-11, 108 
Little Gem Nebula 
(NGC 6818) 153 
Local Group 10, 106, 107 
lookback distance 25 
lunar eclipses 48-49 


M 


magma chambers (Mars) 53 
magnetic fields 59, 92, 105 
magnetosphere (Earth) 43 
magnification 123, 124 


158 | INDEX 


} magnitude scale 120 
: main-sequence stars 83, 84, 


87 


Makemake 70, 71 
: mantle 


Earth 42 

giant planets 56, 66, 67 

Moon 44 

Pluto 69 

rocky planets 39, 40, 42, 
51 


i Mars 35, 50-51 


volcanoes 53 
water on 52 


? mass 


and distortion of 
space-time 26-27 
stars 82, 84-85, 92-93 


? massive stars 84 
? matter 11, 12, 20 
? Merak 122, 139, 141 
? Mercury 35, 38-39, 


116, 117 


? meteor showers 77 

: meteorites 76 

: meteoroids 76, 77 

: meteors 76 

? methane 64, 67, 68 

: microwaves 16 

: mid-latitudes (observation 


from) 114, 115 


i Milk Dipper 152 
: Milky Way 10, 79, 102-103, 


106, 137 
star clusters 96-97 


i Mimas 62 
? molecular clouds 84, 86, 87 
: Moon 10, 44-45, 116 


eclipses 48-49 
orbit 46 
phases 47 


? moons 


dwarf planets 71 
Jupiter 58-59 

Mars 50 

Pluto 68 

Saturn 60, 62, 64-65 


; multiple stars 94 
? mythology (constellations) 


130, 139, 142, 146 


N 


: navigational aids 129, 136-37 
? Neptune 35, 67, 70 

? Neptunian planets 98 

i neutrinos 14, 90 

: neutron stars 13, 28, 85, 92 
? neutrons 14, 15 

i Newton, Isaac 27 

: night sky, observing 7, 111, 


112 

conditions for 118-19 

and location 115 

optical instruments 120, 
123-27 

planets 116-17 

star charts 121 

time of night 114 

see also constellations; 
starhopping 


North America Nebula 142, 


143 


north celestial pole 115, 136 
? northern celestial 


hemisphere 113, 115 
constellations 136 


Northern Cross 142 
? novae 95 
i nuclear fusion 36, 80, 81, 87, 


90 


nucleus (atomic) 15, 21 
i? nucleus (comets) 74 
? Nunki 153 


oO 


observable Universe 11, 108 
? oceans 


Earth 42 
Enceladus 65 


Olympus Mons (Mars) 53 
? Omega Centauri 97 
? Omega Nebula (M17) 153 


Oort Cloud 10, 35, 72, 73 
comets 74, 75 
open clusters 96 
orbits 29 
comets 75 
Jupiter 57 
Martian moons 50 
Mercury 38, 39 
Moon 44, 46, 47, 48 
Neptune 67 
planets 35, 116, 117 
Pluto 69 
Saturn 61 
Uranus 66 
Orion 148-51 
Orion Nebula 148, 149 
Orion Spur 102 
Outer Space Treaty 45 


P 


Pallas 55 
particles (subatomic) 14, 20 
Pegasus, Square of 144-45 
penumbra (eclipses) 49 
Perseids meteor shower 77 
Phobos 50 
photons 14 
photosphere 36 
planetary motion 29 
planetary nebulae 13, 85, 
88-89 
planets 12 
alignment 117 
dwarf 68-69, 71 
exoplanets 98-99 
exploration of 33 
formation of 85 
giant 56-67 
observation 116-17 
orbits 29 
rocky 36-53 
Solar System 34-35 
planisphere 121 
plasma 37, 74, 80 
Pleiades 96, 146, 147 
Plough 122, 138, 139, 140-41 


: Pluto 68-69, 70, 71, 116 

: Polaris 122, 136, 141 

: porro prism binoculars 124 
: Procyon 150 

? prominences (the Sun) 37 
: proper distance 25 
proton-proton chain 


reaction 81 


i protons 14, 15, 81 

: protostars 84, 86 

i Proxima Centauri 10 
? Puppis 155 


QR 


: quarks 14, 20 

: quasars 104 

: radiation 16-17, 80 

: radiative zone (the Sun) 36 

: radio galaxies 104 

: radio waves 16, 17, 105 

: red dwarfs 83, 84 

: red giants 83, 85, 89 

: red shift 19 

: reflector telescopes 128, 129 
: refractor telescopes 128, 129 } 
: Regulus 131, 141 

relativity, general theory of 


26 


! Rigel 148, 149, 151 
: Rigil Kentaurus 154 
: rings 


Neptune 67 
Saturn 60-61, 62-63, 65 
Uranus 66 


rocky planets 12, 35, 36-53 
: roof prism binoculars 124 


‘Ss 


! Sagittarius 152-53 
: Saturn 35, 60-61 


moons 64-65 
rings 61, 62-63 


seasons 50, 60, 66 
i Seyfert galaxies 104 
: shells (planetary nebulae) 89 


: shooting stars 76 

: Sickle 131 

: singularities 20, 93 

? Sirius 120, 150 

: Small Magellanic Cloud 106 
: solar eclipses 47, 48-49 

i Solar System 10, 11, 12, 32, 


34-35 

edge of 73 

in Milky Way 11, 102 

see also asteroids; comets; 
Kuiper Belt; meteors; 
Oort Cloud; planets; Sun 


solar wind 43, 73, 74 
: south celestial pole 137, 


154, 155 


: southern celestial 


hemisphere 113, 115 
constellations 137 


: space-time 26-27 


black holes and 93 
distortion of 26-27, 92 
gravitational waves 28 


spectroscopy 18 
: Spica 140 


spiral galaxies 13, 101 


: Square of Pegasus 144-45 
i star remnants 13, 16, 91, 93, 


142 


starhopping 122 


from Crux 154-55 

from Orion 150-51 

from the Plough 140-41 

from the Square of 
Pegasus 144-45 


: stars 11, 12, 80 


brightness 95, 120 

clusters 96-97 

first 22-23 

formation of 86-87, 101, 
102 

multiple 94 

neutron 92 

nuclear fusion reactions 81 

observing 114-15, 118-19, 
122-27 

star charts 121, 129, 131 
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stars continued 
stellar evolution 84-85 
types of 82-83 
variable 95 
see also exoplanets; 


aperture and 


: Tempel 1 75 


} telescopes continued 
magnification 123 


? temperature, habitable 


V 


variable stars 95 
: Veil Nebula 143 
? Venus 10, 35, 40-41, 117, 120 


galaxies; planetary : zones 99 ? Vesta 55 
nebulae; supernovae i termination shock 73 i Virgo Cluster 11, 107 
stellar wind 89 : terrestrial planets 98 : visible light 17 
subatomic particles 14,30  : tides 44 : voids 109 
Sun 10, 11, 12, 33, 36-37 : Titan 64 ? volcanoes 40, 41, 42, 68 
path of 116 ? Tombaugh Regio (Pluto) : onMars 53 
and planets 33, 34-35, i 68 i 
116, 117 ! Toutatis 54 iW 
see also Solar System : Triangulum Australe 154 i 
Sunlike stars 12, 83, 84 : tripods 118, 125 i? water 
super-Earths 98 : Trojan asteroids 54-55 on Earth 42 


supergiant stars 82, 85, 90 
superior planets 117 
supermassive black holes 
102, 152, 153 
supernovae 22, 28, 82, 
90-91, 92-93 
Swift-Tuttle 77 


T 


tails (Comets) 74 

Taurus 146-47, 151 

Teapot 152 

tectonic plates 42, 53 

telescopes 111, 118, 120, 
126-27 


‘U 


: 88 
? umbra 49 


108-109 
: Uranus 35, 66 


119 


; ultraviolet radiation 17, 66, 


: Universe 9, 10-11 

: birth 20-1, 109 
expansion 20, 24, 31, 109 
large-scale structure 


: urban areas (stargazing) 


: Ursa Major 138-39, 141 
? Ursa Minor 122, 136 


on Enceladus 65 
habitable zones 99 
: on Mars 52 
? wavelength 16-17, 18 
? waves (radiation) 16-17 
? weather 
i Earth 43 
Jupiter 57 
Mars 50 
: Titan 64 
: white dwarfs 82, 85, 88, 90 


‘XZ 


X-rays 17 
? zodiac 113 
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